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i. INTRODUCTION 

A E DC-T R-76-25 

The A~)C Dust Erosion Tunnel (DET) is currently using a Huels-type, 
high voltage arc air heater to accelerate the test section dust cloud for 
determination of'the surface-recesslon characteristics of reentry vehicle 
(RV) materlals in an abrasive environment. The maximum attalnable partlcle 
velocity is presently less than 7000 ft/s. The use of hydrogen or helium 
instead of air as the drlvlng gas has the potentlal of higher gas enthalples 
thus increasing this upper velocity limit. However, no data were available 
in the open literature on The performance characteristics of the Huels-type 

"¢~J ~ m arc heater operating on hydrogen or helium to conflr the higher gas 
• ~tJL £ J 

enthalples. :t oobs~_ c..~ 

T~e objective of th~s'~brk'~as to map the performance of a Huels-type 
arc heater using gaseous hydrogen at pressures of 10, 15, 25 and 50 arm and 
hellum at pressures of 25, 50, 75 and 100 atm with arc currents of 250, 320 
and 400 A. A supersonic nozzle having a 0. 162 in. diam throat was used to 
constrict the flowp and measurements of the stagnation enthalpy, stagnation 

! i 

pressure, and arc power were ~ade. These performance data were compared 
with data using air and with computer coded correlatlons derived to permit 
scallng of the arc heater. Electrode erosion was documented during these 
performance tests. M/nor modifications to the basic arc heater were made 
to achieve stable operation over the full test matrix with optimum performance 
as a goal. 

Use of a Linde N-250 arc heater satisfied all test requirements. This 
heater was less than one-thlrd the slze of the AEDC DET heater. MDRL had 
previously conducted more than 700 tests on air using a Linde N-250 arc heater 
with nozzle throat diameters ranging from 0.142 to 0.250 in. Unrestricted 
flow tests with a 0.375 in. dlam front electrode had also been run. One 
scale factor of significance with high voltage arc heaters is the ratio of 
the nozzle throat area to the front electrode gas flow area. In order to 
maintain the ratio present in the DET arc heater, the N-250 required a 
0.162 in. dlam throat. Since the heater had been operated on air with throats 
near that size, inspection of those data and the heater specifications 
indicated that operating on air at pressures from 5 to 50 arm and arc currents 
from 200 to 400 A was feasible. 

The AEDC DET scale N = 1.73 high voltage arc heater has a nozzle throat 
diameter of 0.5625 in. Operation of thi~ scale heater was satisfactory for 
air as the working gas, but there was serious doubt about this configuration 
being optimal for use with hydrogen. The scaling relations for air used by 
Linde had proven to be erroneous, 1'so it was doubtful that they could accurately 
be applied to hydrogen. Thus, selection of the optimum scale heater for 
hydrogen required scaling studies as well as performance measurements. 

A m i n i m u m - e n e r g y - a d d i t i o n ,  a r c - m o d e l - s c a l i n g  computer  code had been 
used  s u c c e s s f u l l y  by NDRL on a i r  a r c  h e a t e r s .  The a d d i t i o n  of  the  p r o p e r  
thermodynamic and t r a n s p o r t  p r o p e r t i e s  f o r  he l ium and hydrogen  p l u s  an 
improved model  f o r  the  H u e l s - t y p ~  a r c  h e a t e r  was a major  p a r t  of  th~s  program. 
Scaled performance calculatlons were then made with the improved codes. 

II 
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2, TEST APPARATUS 

I 

The arc heater used in these tests was a nominal 250 kW Huels-type, high- 
voltage unit. It was mounted and tested in the McDonnell Douglas Research 
Laboratories (MDRL) High Impact Pressure (H~P] facillty.~ The H~P subsystems~ 
control~ and data acquisition systemwereused along with special gas controls. 
The instrumentatlon used was a combination of standard and special equipment 
selected fo~'-apeclflc test requirements. Data reduction routines were written 
to convert the raw signals into printed engineering units using the HIP 
computerized data acquisition system. 

2.1 THE N-250 ARC HEATER 

Figure 1 shows the I~250 arc heater used in these tests. TWo tandem 
cyllndrlcal electrodes were separated by a central gas-lnJectlon chamber and 
insulated from each other by a threaded Delrln cylindrical insulator. The 
5.6 in. long rear electrode (anode) had an inside diameter of 0.625 in. The 
front electrode (cathode) had an inside diameter of 0.375 in. The cathode 
length was 5 in. in most tests and 8 in. in a few tests, designated as N-250-5 
or N-250-8. Both electrodes and the center chamber were water cooled. Four 
tubular gas injectors ware used. The gas was injected tangentially to the 
heater walls in a counter-clockwlse direction looking downstream. The resul- 
tant radial pressure gradient stabilized the arc on the heater centerllne. 
The injection pressure ratio (inector-pressure/arc-chamber pressure) was 
varied from i.i to 2.2 in these tests. 

A magnetic field toll was used on the rear electrode to rotate the arc 
termination and prevent arc transfer to the rear plug. 

A nozzle module was bolted to the downstre-m end of the heater to 
constrict the flow. The nozzle throat diameter was 0.162 in. for all tests 
designated by N-250-5-0.162 or N-250-8-0.162. The nozzle design is discussed 
in Section 2.2. 

Figure 2 shows the N-250 arc heater mounted in the ~RL HIP test cell. 
Each component was indlvlduallywater cooled and monitored for energy losses. 
The differential temperature sensors and turbine flowmeters can be seen 
beneath the arc heater test stand. The test set-up allowed rapid disassembly 
for weighing and cleaning the electrodes post-test. ~ch of the gas flow 
instrumentatlonwas fastened to the rear panel on the test stand, so that the 
entire basic system was portable. 

12 
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Figure 2 N-250 arc heater mounted in the HIP facility 

2.2 ARC HEATER NOZZLE 

The nozzles used in these tests (Figure i) were scaled to duplicate the 
AEDC DET arc heater throat-to-electrode area ratio. 

(1) 

d(..~-~) 2 [0.5625~ 2 
N-250 " ~ /  DET 

(2) 

d* ~ 0.162 in. (3) 

The nozzle inlet diameter matched the electrode diameter (0.375 in.), and the 
exit diameter was sized for proper expansion from 25 atm, 30,000 Btu/ib 
reservoir conditions to atmospheric pressure. This yielded a 0.296 in. diam, 
Mach 2.75 test stream. The convergence and divergence of the nozzle were 
conical for ease of machining; a short cylindrical throat was incorporated 
for erosion protection and improved source flow. 

The nozzle throat cooling was designed to withstand 6000 Btu/ft2s heat 
flux without nucleate boiling with a coolant flow rate of 30 gpm. The coolant 
flow velocity at the throat exceeded 170 ft/s, which was sufficient to sweep 
vapor bubbles away at the higher heating rates. The first and second nozzles 
experienced local heating rates to approximately 9800 Btu/ft2s before failure, 
and the third nozzle liner experienced heating rates to 6700 Btu/ft2swithout 

/ 
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f a i l u r e .  The c a l c u l a t e d  combined the rmal  and m e c h a n i c a l  s t r e s s  a t  the  
t h r o a t  was 20,000 p s i  a t  t he  d e s i g n  h e a t  f l u x .  The n o z z l e  t h r o a t  w a l l  
t h i c k n e s s  was i n i t i a l l y  0 .0315 in .  A l l  of  t he  hydrogen  t e s t i n g  was comple ted  
w i t h  two such  n o z z l e s .  A t h i r d  n o z z l e  was b u i l t  w i t h  a 0 .047 in .  t h r o a t  w a l l  
t h i c k n e s s  f o r  the  h i g h - p r e s s u r e  a i r  and he l ium t e s t s .  

2.3 INSTRUMENTATION AND DATA ACQUISITION 

The a r c  h e a t e r  was i n s t r u m e n t e d  to  d e t e r m i n e  the  f o l l o w i n g  p a r a m e t e r s .  

o Arc c u r r e n t  o Anode power l o s s  
o Arc v o l t a g e  o Ca thode-body  power l o s s  
o Arc chamber p r e s s u r e  o Nozz le  power l o s s  
o Gas f low r a t e  o I n j e c t o r  p r e s s u r e  

These p a r a m e t e r s  were scanned a t  100 s c a n s / s  on hydrogen  and 10 s c a n s / s  
on he l ium and a i r .  These d a t a  were ave raged  and t he  a r c  power,  e n e r g y  b a l a n c e  
e n t h a l p y ,  t he rma l  e f f i c i e n c y ,  and s o n i c  f l o w  e n t h a l p 7  were c a l c u l a t e d  and 
p r i n t e d  ou t  a p p r o x i m a t e l y  once each  second of  the  t e s t .  

Tab le  1 l i s t s  t he  p r im a ry  i n s t r u m e n t s  and t h e i r  a c c u r a c y .  The c o n s i d e r -  
a b l e  e l e c t r i c a l  n o i s e  e n c o u n t e r e d  when o p e r a t i n g  on hydrogen  r e q u i r e d  t ho rough  
s h i e l d i n g  of  a l l  i n s t r u m e n t s ,  i n c r e a s e d  sampl ing  r a t e s  and a v e r a g i n g  l a r g e r  
sampled b a t c h e s  i n  o r d e r  t o  a c q u i r e  a c c e p t a b l e  d a t a .  No n o i s e  problems were 
e n c o u n t e r e d  on he l ium or a i r .  The sampling r a t e s  and b a t c h e s  were r educed  
w i t h o u t  i n c r e a s i n g  the  d a t a  s c a t t e r  s i g n i f i c a n t l y .  

The a r c  v o l t a g e  on hydrogen  o s c i l l a t e d  s i g n i f i c a n t l y  and caused  s t r o n g  
random f l u c t u a t i o n s  i n  the  p r i n t e d  d a t a .  S e v e r a l  a t t e m p t s  to  r e d u c e  t h e s e  
o s c i l l a t i o n s  were made by c h a n g i i ~  the  sampl ing  r a t e  and the  a v e r a g i n g  b a t c h  
s i z e ;  however ,  v o l t a g e  s p i k e s  p e r s i s t e d .  A s a t i s f a c t o r y  t e c h n i q u e  was d e r i v e d  
by filtering the signal wlth a digital voltmeter isolation amplification 
network. This was not necessary for the helium or air tests. 

The a r c  chamber p r e s s u r e  was measured on the  s i d e  w a l l  of  the  c e n t e r  body.  
Previous tests have shown t ha t  this value may be higher than the stagnatlon 
pressure at the nozzle entrance. This may partially explain some of the 
deviations found between the sonic flow and energy balance enthalples. 

The anode and n o z z l e  had i n d i v i d u a l  c o o l a n t  d i f f e r e n t i a l  t e m p e r a t u r e  
s e n s o r s  and wa te r  f l owmete re  f o r  m e a s u r i n g  the  power l o s s e s  t o  t h e s e  components .  
The ca thode  and body c o o l a n t  w e m s u p p l t e d  th rough  t he  same p o r t ,  and s i n c e  
t he  body power l o s s e s  a r e  minimal  i t  was dec ided  t o  combine them w i t h  t h o s e  
of  the  c a t h o d e .  a 

The hydrogen  f l o w  r a t e s  were measured u s i n g  a s o n i c  n o z z l e  f l owmete r  w i t h  
a 0 .055  in .  diam t h r o a t .  The f lowmete r  was c a l i b r a t e d  by the  MCAIR Bureau 
of  S t a n d a r d s  a t  a i r  f l o w  r a t e s  from 0 .004 to  0 .123 l b / s .  The o r i f i c e  co -  
e f f i c i e n t  on a i r  was d e r i v e d  from 28 dat.a p o i n t s  and was a c c u r a t e  w i t h i n  
+ 1. SZ w i t h  a c o n f i d e n c e  l e v e l  of 99.5X. Conve r s ion  of  the  a i r  c a l i b r a t i o n  
to  h~drogen  was accompl i shed  u s i n g  the  , t echn iques  g i v e n  i n  R e f e r e n c e s  6 and 7. 
Godt / found f o r  c r i t i c a l  n o z z l e  f l owmete r s  hav ing  t h r o a t  d i a m e t e r s  f rom 0 .0308 
to  0 .0707 in .  t h a t  t he  r e l a t i v e  v a l u e s  of  the  n o z z l e  d i s c h a r g e  c o e f f i c i e n t s  
d e m o n s t r a t e  t h a t  a g l o w z e t e r  c a l i b r a t e d  on one gas  can be used t o  measure  glow 
r a t e s  o£ the  o t h e r  ga se s  w i t h i n  + O. lZ. 
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The helium flow rates were measured using a 0.070 in. diem sonic nozzle 
flowmeter for arc pressures to 75 arm. Because of gas supply limitations 
with conventional storage bottles, the i00 arm test flow rates were based on 
a callhratlon of the four 0.0625 in. dlam injectors. The injectors were 
calibrated on helium in series with the 0.070 in. dlam sonic nozzle. The 
subsonic mass flow rate followed the general equation for subcrltlcal real 
gas flow through a thln-plate orifice within + 0.56%. 

The air flow rates were measured using the 0.055 in. dlam sonic nozzle 
for arc pressures from 50 to i00 arm and 0.043 in. dlam sonic nozzle for arc 
pressures from i0 to 25 arm. 

Tests were made on all flow systems to determine if the flowmeters were 
choked. Corrections were necessary on some of the high current hydrogen 
tests where the injector pressure exceeded 73% of the flowmeter pressure. 

All primary instrumentation signals were recorded on discs in the 
Research Data Acquisition System (RDAS). Data for the hydrogen tests were 
scanned at i00 scans/s; data for the air and helium tests were scanned at 
i0 scans/s. The dlsc-recorded information was transferred to tape post-test, 
processed into engineering units, and printed in the format discussed in 
Appendlx A. 

2.4 ARC HEATER SUBSYSTEMS 

The arc h e a t e r  was tested in the MDRL HIP facility. The water, power, 
and air subsystems were more than sufficient for this scale heater. The 
standard HIP arc heater (MDC-300) is four times the size of the N-250. 2 ~ 

A 13 ~ ballast resistor was necessary for this program. The resistor 
consisted of 60 water-cooled stainless steel 0.25 in. dlam tubes with 0.020 in. 
wall thickness; each tube was i0 ft long. The tubes were manifolded in two 
banks of 30, and each bank was separately cooled. Connections of 0.9, 1.8, 
3.5, 7 and 13 ~ were posslble. The maximum current capability was in excess 
of 400 A. This ballast resistor provided the immediate voltage reserve 
required by an arc excursion without the inherent time delay of the power 
supply. The 7 ~ ballast connection was used on all reported hydrogen, 
helium and air tests. 

Cooling water was supplied by a three-stage centrifugal pump capable of 
1200 gpm at 600 psi. The normal flow rates were 23 gpm to the nozzle, 34 gpm 
to the cathode-body and 20 gpm to the anode. The ballast resistor required 
120 gpm and the spin coil, 2 gpm. 

Power was supplied by two, three-phase, full-wave rectifier modules 
with saturable reactor current controls. The units were connected in series 
for an open circuit voltage of i0.2 kV. The maximum power capability of 
these two units was 5 MW for 6 min. Additional identical power units were 
connected in series without activation to utilize the inductance of their 
large smoothing reactors (8 mH). The number of additional units varied from 
1 to 3. Six power units were available. 
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The hyd ro gen  and h e l i u m  g a s  s u p p l i e s  c o n s i s t e d  of m u l t i p l e  t y p e - 1 A  
c y l i n d e r s  m a n i f o l d e d  a s  shown l u  F i g u r e  3. The g a s  f l owed  t h r o u g h  an o n - o f f  
s o l e n o i d  v a l v e ,  a check  v a l v e ,  and a dome- loaded  r e g u l a t o r  t o  t h e  p r i m a r y  
f l o v m e t e r ,  t h e n  t h r o u g h  a second  check  v a l v e  t o  t h e  a r c  h e a t e r  i n j e c t o r s .  
Argon o r  n i t r o g e n  was used  t o  s t a r t  t h e  h e a t e r  d u r i n g  the  hyd rogen  t e s t s ,  
and t h e  dome r e g u l a t o r  l o a d  gas  was e i t h e r  a r g o n  o r  n i t r o g e n .  The n o r m a l  
number of  h y d r o g e n  c y l i n d e r s  was e l g h t .  As many a s  20 h e l l u m  c y l i n d e r s  were  
m a n i f o l d e d  f o r  t h e  h i g h  p r e s s u r e  t e s t s .  

Argon-nitrogen 
~so  on'off lenoid valve 

I 
I 

_+ 

i 

I 

Argon or nitrogen 
storage 

ydrogen on-off 
noid valve 

®®®®® 
Hydrogen storage 

(2000 psi) 

Test cell wall 

Exhaust duct 
Fresh air I ~  

(9 Ibis) 
Injection 

'•Do pressure t ~ B u m e d  hydrogen /~ me load t r a n s d u c e r ~  i - -~  (water vapor) 10.03 Ib/s} ~J solenoid valve 
V~, ," (argon) L ~  I-~~N-250~1~ arc heater 

Hand 4~ Check valve I ~-A ~ rc chamber pressure 
Regulat°rvent /~ ~ valve ILl (10,000 psi) I ttra~s:ucer°~nvt~ldve°f~°~d 

solenoid ~ >/ LTJ valve/ ~ , ~jf Flowmeter over pressure) 
~/ ~' /V pressure 

/ Vent / transducer 

Figure 3 Gas flow system for arc heater operation on hydrogen 
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Air was supplied from the HIP system whlch is capable of 6000 psi supply 
pressure and flow rates in excess of 4 ib/s. The air was routed to the s-me 
regulator and flowmeter system used for hydrogen and helium. 

The HIP Research Data Acquisition System (RDAS), used for all tests, 
consists of a Varlan model 620/f-100 computer with 32,000 (16-blt) words of 
core memory, a disc memory with a capacity of 2.34 milllon (16-blt) words, 
a 7-trackmagnetlc tape unit with 556 bpl, an electrostatic prlnter/plotter, 
a card reader and a teletype. The system currently has 48 data channels and 
is expandable to 256. The RDAS has a maximum sequential scanning capability 
of 50,000 channels/s with a i00 ~s software overhead between records. It can 
also be programmed to scan selected channels on an individual basis at a 
maximum rate of 33,000 channels/s with a 60 Ms software overhead between 
records. This mode of scanning can be used for the acquisition of temperature- 
time data to calculate heat flux incident on a model subjected to the hlgh- 
temperature plasma envlromnent. 

Binary in format ion  inc lud ing  s ign  and p a r i t y  checks i s  the primary 
output .  The format i s  s u l t a b l e  fo r  d i g i t a l  e d i t i n g ,  s o r t i n g ,  computing, 
and p l o t t i n g  5y e l e c t r o n i c  computers. The da ta  a re  packed in  IBM format ,  on 
7-channel ,  magnetic tape a t  a packing d e n s i t y  of 556 5 1 i s / i n .  

The overall system accuracy, from the signal input to the dlgi~al tape 
output, is approximately ~ 0.10%. This accuracy takes into account all items 
including the multlplexlng unit. 

The digital readout is available for the display of any given input 
channel for signal conditioning set-up and check-out, as well as viewlng 
any channel during an arc heater test. This readout was used to monitor 
the arc pressure for these tests. 

18 
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3. TEST TECHNIQUE AND MATRIX 

The t e c h n i q u e s  used t o  o p e r a t e  the  a r c  h e a t e r  i n  t h i s  program were 
b a s i c a l l y  t h o s e  deve loped  f o r  the  HIP f a c i l i t y  over  the  p a s t  decade ,  p l u s  
s p e c i a l  s a f e t y  p r o c e d u r e s  f o r  hydrogen  o p e r a t i o n .  The t e s t  m a t r i x  i n c l u d e d  
o p e r a t i o n  a t  t h r e e  a r c  c u r r e n t s  a t  p r e s s u r e s  f rom 10 to  50 atm on h y d r o g e n ,  
25 t o  100 arm on he l ium,  and 10 to  100 arm on a i r .  

3.1 ARC HEATER OPERATION 

Preparation of the arc heater for testing included careful assembly and 
mounting followed by a full-flow water check, static gas-pressure check, and 
an insulator resistance check. The procedures outlined in Reference 8 were 
followed where applicable. 

The normal  a r c  h e a t e r  s t a r t i n g  p r o c e d u r e  f o r  a hydrogen  test was as 
follows: 

1. Observe the  hydrogen  d e t e c t o r  a la rm t o  ensu re  a s a f e  t e s t  c e l l  
hydrogen  l e v e l .  

2. Turn on low-speed exhaust fan in the HIP test cell. 

3. Visually check the gas flow system and arc heater. 

4. Open the  a rgon  or  n i t r o g e n  gas  s u p p l y  bottles (hydrogen  bottles 
closed). 

5. Check the functioning of all flow system components to ensure 
proper control and operation using argon. 

6. Fo l l ow  a p p l i c a b l e  HIP f a c i l i t y  o p e r a t i n g  p r o c e d u r e s  i n  p r e p a r a t i o n  
f o r  the  t e s t .  

. When all subsystems including the data acquisition system are ready 
for the test, turn on the high-speed test-cell exhaust fan. Check 
to see that all interlocks are satisfied. 

8. Close  the  a rgon ,  n i t r o g e n  and ~ydrogen  o n - o f f  v a l v e s .  

9. Manual ly  open the  hydrogen  b o t t l e  v a l v e s  and check the  supp ly  
p r e s s u r e  i n  the  b o t t l e s .  

i0. Observe the flowmeter pressure with the main solenoid valve closed 
to ensure no leakage through the system. 

11. Open the  a r g o n - n i t r o g e n  o n - o f f  v a l v e  and a d j u s t  t he  r e g u l a t o r  t o  
the  d e s i r e d  s t a r t i n g  f low r a t e .  

12. Turn on the  power s u p ~ l i e s .  (For n i t r o g e n  s t a r t s ,  engage s t r i k e r . )  
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13. Stabilize the arc heater on argon or nitrogen, then open the hydrogen 
on-off valve and close t h e  a r g o n - n i t r o g e n  on-off valve. 

14. Stabilize the a r c  heater on hydrogen and acquire the desired data 
by regulating the hydrogen gas flow rate and arc current. Hold 
each point for 30 s minimum. 

15. Turn off the power supplies. (Loss of current automatically switches 
back to argon or nitrogen.) 

16. Allow the high-speed fan to continue blowing while the hydrogen 
bottles are closed manually and the system is purged ~Ith argon or 
nitrogen. 

17. Observe the hydrogen-detector alarm to ensure a safe test cell 
hydrogen level prior to entering. 

18. Secure all systems and reduce data. 

Rigid safety precautions and procedures were followed for hydrogen arc 
heater operation. 

A l l  g a s e o u s  h y d r o g e n  was s t o r e d  i n  an elght-bottle r a c k  a l o n g  the o u t s i d e  
of  t he  B u i l d i n g .  B o t t l e d  h y d r o g e n  was a c q u i r e d  f rom t h e  pan  s t o c k  c r i b  on 
an  a s - n e e d e d  b a s i s .  No more t h a n  e i g h t  f u l l  b o t t l e s  were  a l l o w e d  on t h e  
p r e m i s e s  a t  one t i m e .  No smoking was a l l o w e d  i n  t h e  v i c i n i t y  of  t h e  HIP 
t e s t  c e l l  o r  h y d r o g e n  s t o r a g e .  

All personnel were familiar with the industrial safety procedures for 
handling hydrogen and adhered to them at all times. 

The hydrogen supply system was constructed using valves, fittings, and 
pipe made of materials that were compatible with hydrogen. Connections were 
minimized to avoid leaks. 

The c o m p l e t e  h y d r o g e n  s u p p l y  s y s t e m  was p r e s s u r e  c he c ke d  a t  l e a s t  w e e k l y  
u s i n g  2500 p s i  h e l i u m .  The s y s t e m  was p r e s s u r i z e d  f o r  a t  l e a s t  10 rain,  and 
t h e  p r e s s u r e  d e c a y  had t o  be  l e s s  t h a n  1 p s i / r a i n .  Leaks  g r e a t e r  t h a n  t h i s  
r a t e  were  l o c a t e d ,  c o r r e c t e d ,  and r e c h e c k e d  p r i o r  t o  o p e r a t i o n .  

A l l  h y d r o g e n  b o t t l e s  were  c l o s e d  m a n u a l l y ,  and t h e  s y s t e m  was p u r e e d  
w i t h  i n e r t  g a s  when t h e  n e x t  t e s t  was t o  be more t h a n  o n e - h o u r  l a t e r  a n d / o r  
when t h e  t e s t i n g  was c o m p l e t e  f o r  t h e  day .  

The hydrogen bottles were returned to the pan sto~k crib when further 
testing was,not scheduled within a one week period. 

Arc h e a t e r  o p e r a t i o n  on h e l i u m  d i d  n o t  r e q u i r e  any s p e c i a l  p r e c a u t i o n s .  
The a r c  was s t a r t e d  on h e l i u m  by t u r n i n g  on t h e  power  s u p p l y  w i t h  a low f l o w  
r a t e  (0 .005  l b / s ) .  The d e s i r e d  a r c  p r e s s u r e  and a r c  c u r r e n t  were  t h e n  s e t  
and h e l d  f o r  a t  l e a s t  30 e.  U s u a l l y  t h r e e  a r c  c u r r e n t  l e v e l s  were  t e s t e d  a t  
a f i x e d  p r e s s u r e  d u r i n g  a s i n g l e  t e s t .  
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O p e r a t i o n  on a i r  r e q u i r e d  an a r s o n  s t a r t .  As the  a r c  c u r r e n t  was 
i n i t i a t e d  the  main a i r  v a l v e  opened. When the  a i r  s u p p l y  p r e s s u r e  exceeded  
the  a r s o n  s u p p l y  p r e s s u r e ,  a check  v a l v e  c l o s e d  o f f  the  a r s o n .  The t e s t  
p r o c e d u r e  a f t e r  s t a r t i n g  was the  same as f o r  he l ium.  

F o l l o w i n g  most  of  the  t e s t s ,  the  e l e c t r o d e s  were removed, weighed,  
i n s p e c t e d ,  c l e a n e d ,  r eweighed ,  and r e - i n s t a l l e d  o r  r e p l a c e d ,  S e c t i o n  4 
discusses the resultant contamination measurements. The nozzle throat 
diameter was measured, and the nozzle was cleaned for the next test. 

3.2 DATA ACQUISITION 

The experlmental data were acquired using the instrumentation and 
subsystems described in Sections 2.3 and 2.4. The procedure consisted of the 
following steps: 

. 

2. 

Load a c q u i s i t i o n  sys tem i n t o  t he  computer  v i a  the  b o o t - s t r a p  l o a d e r .  

Enter by teletype the date, run number, number of channels (21) 
scanned, and scan interval ~0.01 s for hydrogen and 0.1 s for 
hellum and air). 

3. Start the system acquisition and verify that it is functioning 
during the test. 

4. Stop the system acquisition post-test and load the vortex system 
i n t o  t he  computer .  

5. Transfer disc data to magnetic tape. 

6. Call the engineering data process program and print out data. 

7. Pack as many tests as possible on a single magnetic tape when 
time permits. 

I n  a d d i t i o n  t o  the  p r i m a r y  d a t a  a c q u i s i t o n  sys tem,  i t  was a l s o  the  
p r a c t i c e  t o  r e c o r d  the  a r c  v o l t a g e ,  a r c  c u r r e n t ,  sys tem p r e s s u r e s ,  sys tem 
wa te r  f l o w  r a t e s ,  and a r c  h e a t e r  d e s c r i p t i o n  on a s e p a r a t e  d a t a  s h e e t .  
E l e c t r o d e  w e i g h t s ,  a r c  t r a c k  l o c a t i o n s ,  and o t h e r  p e r t i n e n t  d a t a  were a l s o  
r e c o r d e d .  

A comple te  l i s t  of  i n s t r u m e n t s  and t h e i r  c a l i b r a t i o n s  was m a i n t a i n e d  
and upda ted  as  changes  were made (Table  1) .  
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TABLE 1 INSTRUMENTATION 

Instruments Overall 
Parameter Calibratecl Test' 

Mfg Model range system accuracy (%) no. 

Arc voltage G.E. JTG-I 0 -  3000 V 0.6 35-  109 
Arc current G.E. JDC-1 0 - 900 A 1.5 35-  109 

Arc pressure CEC 326-1 0 -  1 500 psia 0.6 35-  54 
CEC 326.1 0 -  1500 psia 0.6 65- 86 
CEC 326-12 0-  1500 psia 0.3 87 - 109 

Flowmeter p~ssure Statham PG285TC 0 - 5000 psig 1.0 35 - 86 
CEC 326-8 0 -  3500 psia 0.2 87 - 109 

Injector pressure CEC 313-1 0 - 5000 psig 0.6 35 - 06 
CEC 326-12 0 -  2500 psia 0.3 87-  109 

Gas temperature MDC I/C 0 -  500°F 0.8 35-  109 
HY-CAL RTS 4135 0 - 125°F 0.5 35 - 86 
HY-CAL RTS4135 0-  125°F 0.5 87-  109 

Water temperature" MDC C/A 0 - 600°F 0.7 35-  109 
Anode A T  DELTA-T 100 0 - 100°F 1.0 35 - 109 
Cathode-body ~ T  DELTA-T 100 0 - 100°F 1.0 35 - 109 
Nozzle AT DELTA-T 100 0-  100°F 1.0 35 - 109 

Anode w Brooks HP-16M 0 -  50gpm 1.5 35-  109 
Cathode-body w Brooks HP-16M 0-  50 gpm 1.5 35-  109 
Nozzle w Brooks HP-16M 0 - 50 gpm 1.5 35 - 109 
Body w Brooks HP-8M 0 - B gpm 1.5 35-  109 

3.3 TEST MATRIX 

Table 2 shows the test matrix for this program and lists the test 
numbers for each condlt~on. Each test condition was repeated except the 
240 and 400 A points at 75 and I00 arm on air. The arc current levels were 
established by stability limitations and the specification of a minimum 
increment of 25%. These currents correspond to scaled (I/N) DET arc heater 
currents of 800, ii00 and 1400 A which are moderate to high for that heater. 
The enthalples are thus representative of the peak values attainable with "a 
Huels-type heater such as the one used in the DET. 

Numerous additional tests were made on all three gases, and some of 
these data are included in the analysis section of this report. The tests 
shown in Table 2 represent the best data acquired at the primary conditions 
of interest. 

S e v e r a l  t e s t s  were  made i n  t h e  e a r l y  p a r t  of  t h e  p rog ram on n i t r o g e n .  
S p e c i f i c a l l y ~  t e s t s  3 t o  54 i n c l u d e d  s t a b i l i z a t i o n  on n i t r o g e n  and t h e n  a 
s w i t c h  t o  h y d r o g e n .  The n i t r o g e n  d a t a  were  n o t  o f  p r i m a r y  i n t e r e s t  and t h u s  
were  n o t  f u l l y  r e d u c e d  no r  a n a l y z e d .  

The s t r i k e r  s t a r t  on n i t r o g e n  was i n i t i a l l y  t h o u g h t  t o  be  n e c e s s a r y  t o  
~ t n i m i z e  t h e  t r a n s i e n t  f rom the  s t a r t i n g  gas  t o  h y d r o g e n .  T h i s  p r o c e d u r e  
was l a t e r  p r o v e n  u n n e c e s s a r y  when a r g o n  s t a r t s  were  s u c c e s s f u l .  
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TABLE 2 ARC HEATER OPERATION ON HYDROGEN, HELIUM OR AIR: 
MATRIX TEST NUMBER/s 

Arc Arc pressure (etm) 
current 

(A) 10 15 25 50 75 100 

240 37.38 59.60 56,57 - - - 
Hydrogen 310 37.38 59,60 56,57 64,74 - - 

400 37,38 59,60 56.57 - - - 

240 77,79 75,76 78,64 92.107 9 3 , - - -  1 0 8 , - - -  
Air 320 77,80 75,76 78,83 92,107 93,94 108,109 

400 77,80 75,76 78,84 92,107 9 3 , - - -  1 0 8 , - - -  

240 - - 95,106 98,99 100,104 103.105 
Helium 320 - - 95,106 98,99 100,104 103,105 

400 - - 95,108 98,99 100.104 103,105 
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4. ARC HEATER PE~ORMANCE CHARACTERISTICS 

~T 

The absolute and relative performance of a Huels-type arc heater 
operating on hydrogen, helium or air is dlscussed in this section. The same 
Basic arc heater with only minor changes was operated on all three gases at 
the same arc currents and overlapping arc pressures. The primary performance 
parameters discussed herein include the gas stagnation enthalpy and pressure, 
the arc voltage, the energy losses, the electrode erosion, the resultant 
test stream contamination, and the inferred arc length required for scaling 
purposes. 

The performance on each gas is discussed separately in the same format; 
comparisons are made at the end of this section. 

4.1 HYDROGEN ARC CHARACTERISTICS 

The a r c  h e a t e r  was o p e r a t e d  on h y d r o g e n  a t  a r c  c u r r e n t s  o f  240 ,  310 and  
400 A a t  p r e s s u r e s  of  10,  15 and 25 arm and a t  310 A and 50 arm. The a r c  
p a r a m e t e r  v a l u e s  were  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h o s e  o p e r a t i n g  on a i r  o r  
helium; yet the general trends were similar. The arc fluctbations were quite 
strong on hydrogen requiring additional ballast and inductance in the power 
circuit. The hydrogen enthalples were as much as seven times those of air 
and four times those on helium, while the hydrogen arc voltages were a factor 
of two higher than those for the other two gases. 

Figure 4 shows the arc heater firing on hydrogen. At 240 A current and 
25 arm pressure the exhaust Jet was a deep blue at the nozzle exit changing 
to white with a light green border in the subsonic portion of the plume when 
the hydrogen was burning. The supersonic portion of the exhaust Jet appeared 
more stable than the arc current-voltage oscillations indicated. 

A prolonged test condition could not be achieved without the use of 
approximately 16 mH additional inductance and 7 ~ ballast resistance in 
series with the arc. The arc current oscillations without these stabilizing 
circuit components were slgnlflcantly stronger, and in some cases the arc 
was totally unstable. At i0 arm and 240 A, the arc current oscillation (as 
recorded on an oscillograph) was reduced from~ 23% to ~ 13% with the addition 
of the Ballast resistor. No major instabilities were encountered using the 
added inductance and ballast resistance. 

Tahle A-I In Appendlx A presents a summary of the hydrogen data acquired. 
The tabulated values were extracted from the printed data sheets. Each point 
represents a stable test condition where sufficient time was allowed for 
equilibration of the major parameters, especially the differential temperature 

sensors. 

The nozzle throat Became coated with a thin layer of copper melt flow 
during a test; the thickness of this layer was dependent on run time, arc 
pressure and the arc current level. As the throat size decreased, the arc 
voltage decreased and reductions were necessary in the hydrogen flow rate to 
maintain a flxed arc pressure. In one test (64) the nozzle throat diameter 
decreased from 0.162 in. to 0.144 in. Normally the diameter reduction was 

less than 3%. 
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Finure 4 Arc heatw operating on hydrogen (26 atm; 240 A) 

4. i .  I Hydrogen E n t h a l p y  

The e n t h a l p y  l e v e l s  a c h i e v e d  on hydrogen  a r e  shown i n  F i g u r e  5 as  a 
f u n c t i o n  of  a r c  c u r r e n t  and p r e s s u r e .  Also  shown a r e  t he  e n t h a l p y  l e v e l s  
p r e d i c t e d  by the  hydrogen  s c a l i n g  a l g o r i t I m  (HYARC) d e s c r i b e d  i n  S e c t i o n  5. 
The experimental enthalpy was determined from an energy balance on the arc 
h e a t e r  combined with t he  measured hydrogen  f l o w  r a t e .  

The enthalpy varied from 27,700 to 41,600 Btu/ib over the range tested. 
In general, the enthalpy characteristics were as predicted except at the low 
pressure and highest arc current. For these conditions, a problem was 
experienced where the erosion of the entrance to the front electrode was 
quite severe and the gas vortex was disrupted, resulting in a shorter arc 
length and lower arc voltage than predicted. The gradual decay of enthalpy 
as the pressure is increased at a fixed arc current is normal for a Huels- 
type arc heater. The increase in arc voltage as pressure increases does not 
compensate for the higher gas flow rate and energy losses, and thus the 
e n t h e l p y  d rops  g r a d u a l l y .  

The r e p e a t a b i l i t y  o f  the  e n e r g y  b a l a n c e  e n t h a l p y  improved w i t h  i n c r e a s e d  
p r e s s u r e .  The e n t b a l p y  a t  i0  arm was r e p e a t e d  w i t h i n  a p p r o x i m a t e l y  + f i x  o f  
the  a v e r a g e  v a l u e ,  and a t  15 arm i t  was r e p e a t e d  w i t h i n  a p p r o x i m a t e l y  + 7%, 
At 25 a m ,  the  r e p e a t a b i l i t y  improved w i t h  i n c r e a s e d  a r c  c u r r e n t .  At 240 A 
and 25 atm, the  e n t h a l p y  was r e p e a t e d  w i t h i n  ~ 6% of  the  a v e r a g e  v a l u e ,  
whereas  a t  400 A i t  was the  same w i t h i n  measurement e r r o r  i n  b o t h  t e s t s .  At 
50 arm the  e n t h a l p y  was r e p e a t e d  w i t h i n  + 4 :  o f  the  a v e r a g e  v a l u e .  
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Figure 5 Hydrogen Ibnthalpy performance of the N-250 arc heater 

The sonic flow enthalpy was computed for each data point. The enthalpy 
is useful provided the radial variation of gas properties is not significant 
through the nozzle throa~ and the throat size remains fixed. The relation 
used was derived from the basic sonic flow equation and equilibrium thermo- 
dynamic properties of hydrogen. These properties were incorporated in a 
subroutine to the' data reduction program. The sonic flow ratio (~/A* Po) was 
calculated for equilibrium hTdrogen at pressures from 5 to 50 arm and 
temperatures from 5000 to 10,O00"R. These values were then curve-fitted to 
within + 5Z resulting In the following equation. 

To = 2.4 ~A*--~ °) 

i. 23 

(5) 

This equation used the experimental flow rate, pressure, and original throat 
slze to compute the stagnation temperature which in turn yielded the sonic 
flow enthalpy from a subroutine. 

Comparisons between the energy balance enthalpies and sonic flow 
enthalpies are shown in Figures 6 through 8. At the low-current level, the 
agreement is fair, but as the arc current is increased and test time elapses, 
the two values diverge significantly. This discrepancy was a strong indlca- 
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t i o n  t h a t  t h e  n o z z l e  t h r o a t  a r e a  was b e i n  8 r e d u c e d  by r e s o l i d i f i e d  e l e c t r o d e  
m e l t .  P o s t - t e s t  i n s p e c t i o n  of t he  n o z z l e s  v e r i f i e d  t h e  t h r o a t  a r e a  r e d u c t i o n .  
S i n c e  t h e  c a l c u l a t e d  s o n i c  f l o w  t e m p e r a t u r e  v a r i e d  a s  t h e  n o z z l e  t h r o a t  
diameter to the 2.46 power, a diameter reduction from 0.162 In. to 0.144 in. 
results in a 34% increase in calculated sonic gas temperature and a typical 
increase from 30,000 Btu/i5 to 70,000 Btu/ib in the calculated sonic flow 
e n t h a l p y .  Thus a f a c t o r  of  2 .33  i n c r e a s e  i n  c a l c u l a t e d  s o n i c  f l o w  e n t h a l p y  
c o u l d  r e s u l t  f rom a 0 .009 i n .  t h i c k  l a y e r  of  m e l t  f l o w  i n  t he  n o z z l e  t h r o a t .  
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Figure 6 Typical hy¢~ogen test characteristics (Po : 15 ram) 
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In test 61, a steady arc current of 240 A and a pressure of 25 arm was 
held for nearly 3 m.~n. In this test, the energy balance enthalpy was 
32,000 Btu/lb at the beginning and 30,000 Btu/ib at the end. The sonic flow 
enthalpy rose from 22,000 Btu/Ib to 85,000 Btu/15. This change was indicative 
of a final throat diameter of 0. 132 in. which is somewhat less than the 0.144 in. 
m ,~ni~mm measured. 

4.1.2 Hydrogen Arc Voltage 

The arc voltage operating on hydrogen was nearly a linear function of the 
hydrogen flow rate (Figure 9) and nearly an inverse square root function of 
the arc current (Figure i0). The arc voltage increased from 550 to 3600 V 
as the hydrogen flow rate increased from 0.004 to 0.02 lb/s. The increased 
flow rate caused an increased arc pressure. The arc voltage increased 
linearly with pressure as shown in Figure ii where the correlatlon equation 
was found to  be :  

q 
V = 67.2 P + 140 (I = 300 A). (6) 

o 

This  e q u a t i o n  a long  ~rlth the  a r c  c u r r e n t  dependence  i n  F i g u r e  10 was used in  
the  b a s i c  HYARC program to  e s t a b l i s h  an a r c  l e n g t h  c o r r e l a t i o n .  The r e s u l t s  
of  t h a t  c o r r e l a t i o n  a r e  shown in  F i g u r e  12 where the  a r c  v o l t a g e s  from the  
comple t e  t e s t  m a t r i x ,  i n c l u d i n g  peak v a l u e s  d u r i n g  each  t e s t ,  a r e  compared 
w i t h  the  improved HYARC o u t p u t .  This  compar i son  i s  d i s c u s s e d  i n  S e c t i o n  5. 
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Figure 9 Effect of hydrogen flow rate on arc voltage 
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Figure 10 Effect of arc current on hydrogen arc voltage 

The a r c  v o l t a g e  d e c r e a s e d  d u r i n g  a t e s t  f o r  s e v e r a l  r e a s o n s .  The n o z z l e  
t h r o a t  a r e a  r e d u c t i o n  was accompanied by a hydrogen  f low r a t e  r e d u c t i o n  ( t o  
m a i n t a i n  a f~.xed p r e s s u r e )  which i n  t u r n  r educed  t he  a rc  e x t e n s i o n  f o r c e s  
and the  a r c  column c o o l i n g ,  r e s u l t i n g  in  lower a r c  v o l t a g e .  I n  a d d i t i o n  t he  
roughened  e l e c t r o d e s  i n  the  r e s t r i k e  r e g i o n  c r e a t e d  h i g h  e l e c t r i c  f i e l d  p o i n t s  
t h a t  r e t a i n e d  the  a r c  t e r m i n a t i o n s  l o n g e r ,  t h u s  l o w e r i n g  t he  a v e r a g e  a r c  
l e n g t h  and v o l t a g e .  F i n a l l y ,  the  roughened e n t r a n c e  r e g i o n  d i s t u r b e d  t he  gas  
v o r t e x  r e s u l t i n g  i n  more r a p i d  column s p r e a d i n g  which caused  e a r l y  r e s t r i k e  
and s h o r t ,  l o w - v o l t a g e  a r c s .  

O s c i l l a t i o n s  i n  the  a r c  v o l t a g e  were a n a l y z e d  e a r l y  i n  the  t e s t i n g  t o  
e l ~ n a t e  n o i s e  on the  d a t a  r e q o r d .  A s t o r a g e  o s c i l l o s c o p e  was u s e d ,  and 
n o i s e  f r e q u e n c i e s  of  150 kHz w i t h  a m o d u l a t i o n  of  2 .5  kHz were i d e n t i f i e d .  
The s i g n a l - t o - n o i s e  r a t i o  was as  low as  0 .5 .  An i s o l a t i o n  m n p l i f t e r  was sub-  
s e q u e n t l y  used  t o  e l i m i n a t e  the  n o i s e  f rom the  d a t a  r e c o r d .  The o s c i l l o g r a p h  
t r a c e s  of  the  a r c  v o l t ~ e  i n d i c a t e  o s c i l l a t i o n s  i n  e x c e s s  of  ~ 12Z of  the  
a v e r a g e  v a l u e  a t  50 arm and 300 A. 

I n s p e c t i o n  of  the  o s c i l l o g r a p h  t r a c e s  at h i g h  speed r e v e a l e d  a s a w t o o t h  
a r c  v o l t a g e  r e s u l t i n g  from the  a r c  r o t a t i o n  and downstream e x t e n s i o n  f o l l o w e d  
by a b r u p t  s h u n t i n g  ~ p s t r e a m .  Th i s  i s  t y p i c a l  of  H u e l s - t y p e  a r c  h e a t e r  v o l t a g e  
b e h a v i o r .  7 
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4 . 1 . 3  Energy  L o s s e s  on Hydrogen  

The e n e r g y  l o s s e s  t o  t h e  anode ,  c a t h o d e - b o d y ,  and n o z z l e  o p e r a t i n g  on 
h y d r o g e n  a r e  g i v e n  i n  T a b l e  A-1 .  Anode ( r e a r  e l e c t r o d e )  l o s s e s  v a r i e d  f rom 
11.7% t o  23.6% of  t he  t o t a l  l o s s  ove r  t h e  f u l l  m a t r i x  o f  t e s t  c o n d i t i o n s .  
The m a g n i t u d e  of  t h e  anode  l o s s e s  i n c r e a s e d  w i t h  a r c  c u r r e n t  and p r e s s u r e  a s  
shown i n  F i g u r e  13. The anode  p e r c e n t  of  t h e  t o t a l  L o s s e s  i n c r e a s e d  w i t h  
a r c  c u r r e n t  a t  l 0  aem p r e s s u r e  b u t  d e c r e a s e d  a t  15 and 25 arm. The anode  
p e r c e n t  of  t h e  t o t a l  l o s s e s  i n c r e a s e d  w i t h  p r e s s u r e  f rom 12.7% t o  18.9% a t  
t h e  310 A l e v e l  As t h e  gas  f l o w  r a t e  i n c r e a s e d  ( h i g h e r  p r e s s u r e ) ,  t h e  r e a r  
a r c  t e r m i n a t i o n  moved f u r t h e r  b a c k  e x p o s i n g  a l a r g e r  a r e a  t o  a r c  r a d i a t i o n .  
S i n c e  t h e r e  was c o l d  r e v e r s e  f l o w  a l o n g  the  r e a r  e l e c t r o d e  w a l l ,  t h e  l o s s e s  
were  p r e d o m i n a n t l y  5y r a d i a t i o n .  The l o c a t i o n  of  t he  r e a r  a r c  t r a c k s  combined 
w i t h  t h e  anode  l o s s e s  i n d i c a t e  r a d i a t i v e  h e a t i n g  r a t e s  f rom 845 t o  1945 
B t u / f t 2 s  a t  400 A - 10 a m  and 310 A - 50 aem r e s p e c t i v e l y .  These  v a l u e s  
were  c o r r e l a t e d  w i t h  t h e  HYARC r a d i a t i o n  f l u x  c a l c u l a t i o n  as  d i s c u s s e d  i n  
S e c t i o n  5. 

The e n e r g y  l o s s e s  t o  t h e  c a t h o d e - b o d y  v a r i e d  f rom 53.5% t o  71.5% of  t h e  
t o t a l  l o s s e s .  The a b s o l u t e  c a t h o d e - b o d y  l o s s e s  i n c r e a s e d  w i t h  a r c  c u r r e n t  
and p r e s s u r e  a s  shown i n  F i g u r e  13. Above 15 arm p r e s s u r e  t h e  p e r c e n t  l o s s  
a t t r i b u t a b l e  t o  t h e  c a h t o d e  i n c r e a s e d  w i t h  a r c  c u r r e n t  and p r e s s u r e .  The 
p r e d i c t i o n s  shown by  HYARC a r e  d i s c u s s e d  i n  S e c t i o n  5. I n  g e n e r a l ,  t h e  d a t a  
c o r r e l a t e  w e l l .  
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Figure 13 Electrode enerw losses on hydrogen 

Separate body loss measurements were not made but a reasonable estimate 
is that they comprise 6Z to 7% of the total losses when considering that 
the body coolant flow includes the entrance corner and upstream cathode 
flange losses plus the body losses. 

An e s t i m a t e  of  t he  e x p e r i m e n t a l  c o n v e c t i v e  h e a t i n g  was o b t a i n e d  by 
c c a p a r i n g  c a t h o d e - b o d y  l o s s e s  u s i n g  an 8 i n .  long  ca thode  and a 5 in .  long  
c a t h o d e  f o r  the  same a r c  c u r r e n t  and p r e s s u r e .  Thus, t he  l o s s e s  i n  t he  l a s t  
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3 i n .  of  the  l o n g e r  c a thode  a r e  p r i m a r i l y  c o n v e c t i v e  s i n c e  the  a r c  a t t a c h m e n t  
i s  c o n t a i n e d  w i t h i n  the  f i r s t  5 in .  The e x p e r i m e n t a l  h e a t  f l u x  to  
the  l a s t  3 in .  of  the  ca thode  was 940 B t u / f t Z s  a t  25 arm and 240 A. The HYARC 
p r e d i c t e d  c o n v e c t i v e  h e a t  f l u x  was 1150 B t u / f t 2 s .  The com~ara t ive  f l u x e s  a t  
15 arm and 240 A were 920 B t u / f t 2 s  measured and 837 B t u / f t L s  p r e d i c t e d .  A 
d i s c u s s i o n  of  the  c o n v e c t i v e  c o r r e l a t i o n  used i s  g i v e n  t n R e f e r e n c e  7.  

The n o z z l e  ( S e c t i o n  2 . 2 ]  ene rgy  l o s s e s  v a r i e d  from 13.8% to  25% o£ the  
t o t a l  ene rgy  l o s s .  I n  c o n t r a s t  t o  the  anode and ca thode -Body ,  the  n o z z l e  
l o s s e s  remained r e l a t i v e l y  c o n s t a n t  w i t h  t n c r e a b e d  a r c  c u r r e n t  a t  p r e s s u r e s  

15 arm. The n o z z l e  l o s s e s  i n c r e a s e d  wi th  hydrogen  f l o w  r a t e  to  t he  0 .8  
power. They c o r r e l a t e d  ~rl tSin ~ 20% u s i n g  the  e q u a t i o n  shown i n  F i g u r e  14 
as  a f u n c t i o n  of f l o w  r a t e  and e n t h a l p y  d i f f e r e n c e  5etween t he  b u l k  gas  and 
the  n o z z l e  w a l l .  This  e q u a t i o n  was used i n  the  HYARC computer  code.  An 
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estimate was made of the peak throat heat flux encountered. A Bartz I0 heat 
flux distribution was assumed throughout the nozzle and integrated over the 
surface area. The experimental nozzle loss was then divldedby the integrated 
heat-flux-ratio/area product to determine the nozzle throat flux. The 
estimated peak flux of 9800 Btu/ft2s occurred at 50 arm and 310 A. One 30 s 
test was completed (64) with this heat flux, but the nozzle throat failad in 
the second (71) and third (74) teats. The duration of the third test was 
sufficient to oStain repeatability data. 

Figure 15 shows the nozzle after test 57 at 25 arm pressure. There was 
some indication of nucleate boiling despite the fact the estimated throat 
flux was less than 6000 Btu/ft2s for this test. The white area on the hot 
hackwall of the entrance region to the nozzle was caused by precipitation of 
water impurities in a poorly cooled region. The two nozzle failures in 
later tests occurred at the Juncture of the straight throat section and the 
divergent section where the peak heat flux and a stress concentration were 
combined. A dark ring can be seen in Figure 15 at this point. 

.i 

f 

i iiiii i! !i i i 

Figure 15 Arc heater nozzle after 25 arm hydrogen tests 

4.1.4 Electrode Erosion and Test Stream Contamination 

The electrode weight losses were divided by the total hydrogen mass flow 
Between weighings to determine the test stream contamination. Several tests 
were made at the 240 A level at pressures from i0 to 25 arm, and contamina- 
tion was determined for a single current level. However, many of the tests 
were made at three arc current levels, and thus the contamination was represen- 
tative of that occurring at a median arc current. Figure 16 shows the test 
stream contamination on hydrogen. At 240 A the contamination level is much 
lower at low pressure than the higher current. The trend shows considerably 
less difference at the higher pressure levels. 
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Figure 17 shows the post-test entrance region of two typical front 
electrodes (cathodes) for pressures of 15 and 25 arm and arc currents of 
250 - 400 A. At 15 arm, evidence of short arcing and entrance radius erosion 
is visible, whereas at 25 arm, the primary erosion is further inside the 
cathode 5arrel. The electrode used in the 50 arm test did not experience 
the entrance damage. Arc tracks were vlsi51e from the entrance to 5.5 in. 
inside the 5arrel with only minor erosion. 

Pressure: 15 arm OFHC copper Pressure: 25 arm 

OFHC copper Pressure: 25 arm ~lver-copfler 
Current: 240-400 A 

I~gure 17 N-25~E-0,162 front electrodes qcathodes) after operation on hydrogen 
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Testa were made at 25 arm and 240 - 400 A using an 80% silver, 20% 
copper cathode. Figure 17 compares the entrance region of that electrode 
to the previously tested OFHC copper. The erosion was more severe, but the 
test stream contamination (defined as the electrode mass loss as a percent 
of the total gas flow rate) was reduced from 0.28% to 0.22%. The reason for 
the reduced contamination was increased melt solidification. The nozzle and 
downstream cathode regions were heavily coated with silver-copper melt. 

Figure 18 shows the rear electrode (anode) erosion characteristics. This 
anode was used for tests 1 through 34 at i0 to 15 arm pressure and 240 to 400 A. 
The anode used for tests 35 through 74 looked very similar with less entrance 
corner damage. It was subjected to pressures from i0 to 50 atln and arc 
currents from 240 to 400 A. The anode average test stream contamination for 
the complete test matrix (tests 36 to 74) was 0.12%. The anode exhibited 
erosion and melt flow over the first 1.38 in. inside the barrel; beyond that 
point there were circular surface patterns to 3.00 in. inside the barrel 
with essentially no erosion. 

Post tests: 1-34 Current: 240-400 A 
Pressure: 10-15 arm OFHC copper 

Figu~ 18 N-250-§.0.162 m r  dectrode (anode) after operation on hydrogen 

4.1.5 Hydrogen Arc Length 

Determination of the hydrogen arc length received considerable attention 
in order to derive a correlation equation for the HYARC scaling program. 
Careful measurements of the arc track locations were made throughout the 
testing. However, for economical reasons it was not feasible to change 
electrodes for each new condition nor to test each arc current separately. 
Thus, arc tracks accumulated over a wide Band in each electrode making it 
dlfficult to distinguish the new tracks from the old, especially midway down 
the 0.375 in. diam cathode. 

39 



A EDC-TR-76-25 

Figure 19 presents the arc length data as a function of arc current and 
pressure. The lengths shown are the combined depths in the anode and cathode 
plus the 0.25 in. gap between electrodes. The 240 A points shown are primarily 
from single current tests as are the 310 A points. The 400 A points 
represent estimated lengths based on the brightest tracks from multl-current 
tests. The HYARC lengths shown are discussed in Section 5. 
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Figure 19 Hydrogen arc lengths 

4.2 HELIUM ARC CHARACTERISTICS 

The arc heater was operated on helium at nominal arc currents of 240, 
320 and 400 A at nominal pressures of 25, 50, 75 and i00 arm with a few inter- 
mediate levels. The operating characteristics were similar to those on air 
with better stability, significantly less electrode erosion and higher gas 
enthalples. 

Table A-2 in the appendix summarizes the complete helium test matrix 
including duplicate points. The tabulated values were extracted from the 
printed data sheets. Each point represents a stable test condition where 
sufficient time was allowed for equilibration. No nozzle throat-area 
reduction problems were encountered on helium. The throat diameter remained 

constant at 0.162 in. 

A l l  he l ium t e s t s  ware made u s i n g  one p a i r  of e l e c t r o d e s  and o n e  n o z z l e .  
The h i g h e r  p r e s s u r e  t e s t s  u t i l i z e d  f o u r  0 .062  in .  dlam gas i n j e c t o r s  ( t e s t s  
103 t h r o u g h  106) .  The l a t t e r  t e s t  (106) was a d u p l i c a t e  t e s t  a t  25 arm. A l l  
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o t h e r  t e s t s  u t i l i z e d  f o u r  0 .052 i n j e c t o r s .  The l a r g e r  i n j e c t o r s  r educed  t he  
s u p p l y  p r e s s u r e  r e q u i r e m e n t s  t o  a r e a d i l y  a v a i l a b l e  l e v e l  (2600 p s i ) .  The 
i n j e c t i o n  p r e s s u r e  r a t i o  f o r  the  sma l l  i n j e c t o r s  (0 .052 i n . )  ranged from 1 .18  
to  1 .37 ;  the  lower  v a l u e  was 25 atm and 400 A and t he  h i g h e r  v a l u e  was 75 arm 
and 240 A. I n  g e n e r a l ,  t he  h i g h e r  the  gas  e n t h a l p y  a t  a f i x e d  a r c  p r e s s u r e ,  
t he  lower  the  i n j e c t i o n  p r e s s u r e  r a t i o .  The i n j e c t i o n - p r e s s u r e  r a t i o  w i t h  the  
l a r g e r  i n j e c t o r s  (0 .062)  ranged  from 1.15 to  1 .28 .  For a g i v e n  t e s t  c o n d i t i o n ,  
t he  r a t i o  was lowered a v v r o x i m a t e l y  6Z u s i n g  t h e s e  i n j e c t o r s .  

I n  o r d e r  t o  comple te  t e s t  105 a t  100 arm and t h r e e  a r c  c u r r e n t  l e v e l s  
each  f o r  30 s ,  i t  was n e c e s s a r y  t o  m a n i f o l d  20 he l ium b o t t l e s .  The i n i t i a l  
a t t e m p t  a t  100 arm ( t e s t  101) f e l l  s h o r t  (90 arm) because  of  s u p p l y  d e p l e t i o n .  
The second a t t e m p t  ( t e s t  103) u s i n g  the  l a r g e r  i n j e c t o r s  r eached  and he ld  
t h e  95 arm l e v e l  w i t h  12 s u p p l y b o t t l e s .  The t h i r d  a t t e m p t  ( t e s t  105) u s i n g  
'20 bottles was successful (i00 arm). 

4.2.1 Helium Enthalpy 

The e n e r g y  b a l a n c e  e n t h a l p i e s  a c h i e v e d  on he l ium a r e  shown in  F i g u r e  20 
as  a f u n c t i o n  of  a r c  p r e s s u r e  and c u r r e n t .  The he l ium e n t h a l p i e s  were a 
f a c t o r  of  f o u r  lower  than  the  hydrogen  e n t h a l p t e s .  The he l ium f low r a t e s  were 
a f a c t o r  of  ~ h i g h e r  t han  t h o s e  on hydrogen ,  and the  he l ium a r c  v o l t a g e s  
were more t h a n  a f a c t o r  of  two lower than  the  hydrogen  a r c  v o l t a g e s .  Thus,  
f o r  s i m i l a r  the rma l  e f f i c i e n c i e s ,  t he  f a c t o r  of  f o u r  d i f f e r e n c e  i n  t he  
e n t h a l p i e s  was r e a s o n a b l e .  

The peak helium enthalpy was 9700 BtuJlb at 25 atm and the mlnlmumwas 
4700 Btu/ib at i00 arm. At the 400 A level, the factor-of-four increase in 
arc pressure caused only a 24Z drop in the energy balance enthalpy; at the 
200 A level, the drop was more severe, 38Z. 
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Figure 20 Helium enthelpy performance 
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The predicted enthalples using the HEARC computer code are also shown In 
Figure 20. This code is discussed in Section 5. 

Agreement between energy balance enthalpy and sonic flow enthalpy was 
better on hellum than on hydrogen primarily because of a constant throat 
area. General agreement of ~ 5% was found using the sonic nozzle mass 
flowmeter and small injectors. When using the larger injectors and a sub- 
sonic mass flow calibration, the enthalples differed by 8% to 21Z wlth the 
sonic flow values conslstantly higher. The sonic flow enthalpy on helium is: 

hsf = 11.87\ 5Ie I (7) 

A comparison of tests 95 to 106 and i00 to 104 from Table A-2, indicated 
that the suspicious parameter was the mass flow rate. Both comparisons were 
at fixed pressure and throat area, and both indicated better agreement in the 
enthalples when the sonic mass flowmeter was used. However, checks of the 
subsonic in~ector flow calibrations did not reveal any significant errors. 

4.2.2 Helium Arc Voltage 

The helium arc voltages were lower by a factor of two and less sensitive 
to gas flow rate than the hydrogen arc voltages. Figure 21 shows the helium 
arc voltages as a function of flow rate and arc current for the full test 
matrix from 25 to i00 arm. Above 50 arm (0.04 1b/s), the voltage was very 
insensitive to arc current and depended primarily on the mass flow rate. The 
helium data shown were correlated using the following equation: 

V -- 1.5 x 104 ~e 0" 72 (8) 

The worst discrepancies were less than 8% over the full range of the data. 
Most of the data were correlated much closer using Equation (8). 

Figure 22 compares the correlated arc voltage from HEARC with the 
experimental values. The arc length used in HEARC was based on post-test arc 
track locations and experimental arc voltages. Considering thls fact, agree- 
ment is quite good. These comparisons are discussed further in Section 5. 
The pressure dependence was approximately the 0.736 power, whereas the current 
dependence at constant pressure varied from the 0.20 power at i00 arm to the 
0.36 power at 25 arm. Note that this arc current effect was largely absorbed 
by the mass flow correlation, which is typical for a Huels-type arc heater. 2 

The arc voltage did not vary with time at a given pressure and current. 
The low electrode erosion and constant throat area maintained a very steady 
arc voltage. The voltage oscillations were mild. The variation in the point 
average over a 0.85 s period varied less than 6% for a steady current and 
pressure. 
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Figure 22 Comparison of measured and predicted helium are voltages 

4.2.3 Enersy Losses on Hellum 

The energy losses to the anode, cathode-body, and nozzle operating on 
helium are given in Table A-2. Anode losses varied from 18% to 32% of the 
total losses over the full matrix of the test conditions. The variation of 
these losses with current and pressure is shown in Figure 23. The magnltude 
of the anode losses consistently increased wlth arc current and arc pressure, 
as dld the percent of the total losses. The anode loss dependence on current 
was approximately the 1.2 power, and the dependence on pressure was nearly 
linear. As the anode termination moved rearward with increased mass flow 
(and pressure), it encountered a stronger radial magnetic fleld from the 
spln coil. The anode area exposed to radiation thus was not linear wlth 
flow rate; hence, the total anode loss became less pressure dependent as 
shown in Figure 23f 

The front electrode (cathode) losses varied from 56% to 70% of the 
total losses over the full test matrix. The magnitude of the cathode losses 
increased with arc current and pressure as shown in Figure 24. The cathode 
percent of the total losses decreased wlth increased pressure and was rela- 
tively insensitive to increased pressure and to arc current. The predicted 
cathode losses from HEARC also are shown In Figure 24. Good agreement was 
acbleved at the mlddle pressure range as discussed in Section 5. In contrast 
to the hydrogen data, these data do not indicate a significant body loss. 

The nozzle energy losses on hellum varied from 12% to 16% of the total 
losses. The magnltude of the nozzle losses increased wlth arc current and 
pressure, whereas their percentage of the total loss was relatively insensitive 
to both parameters. 

44 



AEDC-TR-76-25 

150 

100 1 

N- 250-5-0.162 

Arc current (A] 
O 240 
n 320 
a 400 

m HEARC 

I I 

A 

> *  

E= 
C 

O r -  

< 

50 

20 

1C 50 75 100 

Chamber pressure (atm) 

Figure 23 Comparison of measured and predicted anode energy losses on helium 

The nozzle energy losses were correlated as a function of the gas flow 
rate and energy 5alance enthalpy as shown in Figure 25. A wall temperature 
of 600°F was used in the correlation. No attempt was made to vary the wall 
temperature with heat flux. All of the data except test 95 correlated within 

5Z using the following equation: 

% - o.o4 (% _ . (9) 

Equation (9) closely follows typical turbulent convective heat transfer 
correlations. The weaker dependence on mass flow rate (0.7 power rather 
than the usual 0.8 power) was somewhat arSitra~y 5 Inclusion of the data from 
test 95 results in a closer correlation with ~u.u but the accuracy is 
reduced to + 15X. 
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The peak nozzle loss occurred at i00 atmand 400 A. That loss was 
converted to a peak throat heat flux of 6700 Btu/ft2s using a Bartz 8 heat 
flux dlstriSutlon integrated over the nozzle surface area. No damage to 
the nozzle was encountered in the helium tests. 
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Figure 24 Comparison of measured and predicted cathode 
energy losses on helium 
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Figure 25 Correlation of arc heater nozzle heat transfer on helium 

4.2.4 Electrode Erosion and Test Stream Contamination 

At the beginning of the helium testing, the cathode weight was 510.4 g 
and the anode weight was 510.3 g. After 15 tests on helium at pressures to 
100 arm and currents to 400 A, the cathode weight was 503.8 g, a loss of 
6.6 g, and the anode weight was 510.2 g, a loss of 0.1 g. The total hellum 
used in these tests was approximately 67.2 lb. Thus the average test stream 
contamination (electrode mass loss) for ~ii tests was 0.02% of the total gas 
flow rate. Figure 26 shows the variation of the helium test stream contamina- 
tion with arc pressure. The higher mass flow rate at higher pressures moves 
the arc termination more rapidly, reducing electrode material loss and melt 
flow. 

The anode surface was virtually undamaged in the helium test matrix. 
The surface condition varied slightly with the arc pressure and current. 
The cathode surface was roughened hut did not lose.slgnlflcant material. 
The entrance corner and downstream barrel were undamaged. 
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Figure 26 Helium test stream contamination 

4.2.5 Hellum Arc Leusth 

Figure 27 shows the arc track locations in the anode as a function of 
helium arc pressure. Since the arc current was varied during a given test, 
its positioning effect was not documented. However, the surface roughness Is 
normally more severe at high arc current, which was found to be nearest the 
downstream end of the anode. It is characteristic of Huels-type arc heaters 
that arc shunting is enhanced 6y both higher arc current and .higher arc 
potential gradlents. 7 Extension phenomena include gas forces from the reverse 
flow and Lorentz forces from the centering field coll rear of the arc termina- 
tion. The data indicate that the extension forces predominate to 60 arm at 
which point the shunting and restrlke phenomena begin to reduce the arc length 
in the anode barrel. 

Typical cathode arc tracks are shown in Figure 28. The maximum arc 
extension was linear with pressure (flow rate) ranging from 1.50 to 4. 25 in. 
downstream of the cathode barrel entrance. The cathode was 5 in. long in 
all these tests. The minimum restrlke position is also shown in Figure 28. 
Arc column shunting (restrlke) occurs near the entrance (0.75 to 1.5 in.). 
Except for the i00 arm tests, the restrlke tracks were in essentially the 
same position. The arc attachment region was divided into two zones: the 
rough zone probably characterizes the 400 A arc erosion, and the spiral track 
zone probably represents the 240 A arc extension tracks. 
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An accurate definition of the total arc length was not feasible, but 
approximations could be inferred from the arc track locations. Figure 29 
shows the range of possible arc lengths from the arc tracks. The maximum 
possible length is the sum of the maximum anode plus cathode positions plus 
the electrode gap (0.25 in.). The minimum possible length is the sum of 
the shortest positions and the gap. The possible arc length range is quite 
wide (~ 2 in.). The most probable arc length oomblned the minimum anode 
track depth with the maximum cathode track depth and vice versa. That narrowed 
the range as shown in Figure 29. The average arc length was relatively 
constant above 50 atm with the posslble arc length span increasing with 
pressure. 

The arc length required for an arc voltage match using HEARC is also 
shown. There was reasonable agreement between the most probable arc lengths 
and required arc lengths at the higher pressures. The inferred arc lengths 
do not include any arc twisting which has been reported in the past. Future 
studies should include arc visualization for a better definition of the arc 
c h a r a c t e r i s t i c s .  
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4.3 AIE ARC CHARACTERISTICS 

The arc heater was operated on air at nominal arc currents of 240, 320 
and 400 A at nominal arc pressures of i0, 15, 25, 50, 75 and 100 arm. 

Table A-3 s,,mmarlzes the complete air test matrix, including duplicate 
points. The tabulated values were extracted from the printed data sheetsp 
and each point represents a stable test condition where sufficient time was 
allowed for equilibration. 
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The 7 R ballast resistance and the additional line inductance were used 
for all air tests. Early tests on nltrogenlndicated that some of the lower 
pressure conditions could have been run without these additional circuit 
components, hut they did add to the stability and allowed direct stability 
comparisons to be made over the full test range of the other gases. 

Tests 75 through 78 were made using four 0.032 in. dlam gas injectors. 
The injection pressure ratio varied from I. i0 to 1.34. Tests 79 through 84 
were made using four 0.025 in. dlam gas injectors. The injection pressure 
ratio for these tests varied from 1.79 to 2.13. Some performance improvement 
was seen at the i0 arm level using the smaller injectors, but there was no 
significant difference at the 25 arm level. Tests 92 through 94 and 107 
through 109 were made using four larger injectors (0.036 in. dlam) to reduce 
the gas system pressure level. The injection ~ressure ratio varied from I. 24 
t o  1.40. 

All of the air tests in Table A-3 were made using the 5 in. long cathode 
and the 0.162 in. dlam nozzle throat. The eroded electrode material coated 
the nozzle throat resulting in reduced gas flow rates for a fixed pressure 
and discrepancies between energy balance and sonic flow enthalples. Normally 
the post-test throat diameter was approximately 0.158 in., but after tests 
76 and 78, It was less than 0.140 in. The throat was cleaned after each test. 

4.3.1 Air Enthalpy 

~ e  energy balance enthalples achieved on air are shown in Figure 30 
as a function of arc pressure and current. The air enthalpies were a factor 
of 5 to 7 lower than those on hydrogen and 41g to 69Z lower than those on 
helium for the same arc current and pressure. 
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The peak air enthalpy was 7200 Btu/ib at i0 arm, and the minimum was 
3400 Btu/Ib at an order of magnitude higher pressure. At a given arc current, 
a factor of ten increase in pressure decreased the enthalpy by as little as 
33% and at most 44%. 

The predicted enthalpy values from AIRARC I are also shown in Figure 30. 
These predictions were based on arc lengths derived from the experimental 
arc tracks. The actual air flow rates were used instead of the sonic flow 
relation to avoid throat-area change problems. The nozzle energy loss corre- 
lation developed in Section 4.3.3 was added to the calculated arc region 
losses to determine convective losses downstream of the arc. Agreement is 
good at the higher pressures, with the worst agreement occurring at the 
high arc current and low pressure. The factors involved in this comparison 
are further discussed in this section and Section 5. 

Agreement between energy balance enthalpy and sonic flow enthalpy in 
certain tests below 25 atm was reasonably good. These tests did not result 
in significant throat-area reduction. In a majority of the tests on air, 
particularly above 25 arm, the sonic flow enthalpy was consistently higher by 
25% or more. A coated nozzle throat diameter of 9.155 in. would have caused 
this enthalpy difference. Normally the post-test throat diameter was 0.158 in. 
after the hlgh-pressure tests. 

4.3.2 Air Arc Voltages 

The air arc voltages varied from 400 to 3000 V as the pressure was 
increased from i0 to i00 arm. Figure 31 shows the experimental values as a 
function of arc current and pressure. As expected, the arc voltages were 
higher at the lower arc currents. The sensitivity to arc current decreased 
from i0 to 25 arm, then increased again as the pressure was increased to 
100 arm. 

The arc voltage and current were very stable over the full range of 
test conditions. The 10-scan average (0.85 s elapsed time) voltage at 240 A 
and i00 arm varied less than ~ I%. Above 15 arm, the arc voltage repeatabillty 
was remarkable compared with other Huels-type heaters. At 50, 75 and I00 ann, 
the repeat test voltages were identical wlthln the accuracy of the measurements. 

The predicted arc voltages shown in'Figure 31 were hased on arc lengths 
inferred from the arc tracks post-test. These lengths are discussed in 
Section 4.3.5. The predicted arc voltages could possibly have been matched 
closer by using a technique similar to that used in HYARC, but the agreement 
shown in Figure 31 was Judged sufficiently accurate. This technique was 
also a better test of the scaling accuracy of AZRARC. 
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4 . 3 . 3  Energy  L o s s e s  on A i r  

The energy losses to the anode, cathode-body, and nozzle are given In 
Table A-3 for the complete air test matrix. The anode losses varied from 
14Z to 26Z of the total losses and consistently increased with arc current 
and pressure. The cathode-body losses varied from 58Z to 74Z, and the nozzle 
los~es varied from llg to 21Z of the total energy losses. 
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Figure 32 shows the combined electrode losses (excludln8 the nozzle) 
as a function of arc current and pressure on air. The data can be correlated 
using the following equation: 

0 . 5 8  
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Figure 32 Electrode energy Ioues on air 
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The predictions shown in Figure 32 were made using AIRARC I which 
combines volumetric radiation (optically thin) and a standard convective 
correlation. Although the absolute magnitudes of the predictions are not 
significantly in error, particularly in the middle pressure range, the 
functional dependence on pressure appears high (0.92 power). The data were 
quite repeatable and consistent. A much closer correlation of the data was 
achieved using AIRARC II as discussed in Section 5. 

The air nozzle energy losses (Figure 33) were correlated using the same 
equation as for the hydrogen nozzle losses: 

0.8 
QN = 0 . 0 4 6 9  fn a (h  b - h w) • (11)  

Equation (ii) has the same general turbulent convection form as the helium 
nozzle loss equation and standard pipe correlations. The coefficient and 
mass flow rate exponent are slightly different. 

The peak nozzle loss occurred at I00 arm and 400 A. That loss was 
converted to a peak throat heat flux of 5900 Btu/ft2s using a Bartz .8 heat 
flux distribution integrated over the nozzle surface area. No damage was 
encountered to the nozzle during the air tests. 
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4.3.4 Electrode Erosion and Test-Stream Contamination 

The test-stream contamination on air was determined for a wlde range of 
conditions using pre- and post-test electrode weights. Figure 34 depicts 
the results as a function of arc pressure. The level was generally between 
0.16Z and 0.27Z. This was of the same order as that on hydrogen at 25 atm 
but considerably lower than that on hydrogen at 10 atm and much higher at 
50 arm. The alr contamlnatlonwas an order of magnitude higher than that 
on helium. 

All reported tests at pressures of 25 arm and below were made using an 
80Z silver, 20Z copper anode. From Flgure 34 there appears to be a significant 
reduction In test-stream contamlnatlon at the lower pressures using the ~Iver 
alloy. Thls agrees wlth past experlencewlth the Huels-type arc heater. 9 
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4.3.5 Air Arc Length 

The arc length in the N-250 operating on air was required as an input 
to th~ AIRARC scaling program. Measurements of the arc track locatlons were 
made when dlscernable. The heavy oxide buildup and melt flow caused consider- 
able ambiguity in these measurements. Figure 35 shows the best arc length 
estimates made from the arc track locations. There was a general trend for 
the arc to lengthen as the gas flow rate (pressure) was increased. The most 
probable arc length range shown pairs the anode restrlke position with the 
cathode extension position and vice versa. 

The arc lengths required by AIRARC for a good match of the experlmental 
voltages are also shown in Figure 35. For pressures from 15 to i00 aim, these 
lengths fall within the span of the most probable arc lengths. 

The 6 in. arc length selected prior to testing was based on previous 
scaling studies discussed in Section 5. As can be seen in Figure 35, the 
6 in. length was a fair approximation over the higher pressure range (> 25 at~a). 

It should be reiterated that the use of the arc tracks for an inferred 
arc length does not IDElude consideration of any twisting which has been 
reported in the past. I 0 
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4.4 COMPARISON OF HYDROGEN~ HELIUM AND AIR ARC CHARACTERISTICS 

The performance characteristics of the N-250 arc heater on hydrogen, 
helium or air have been described in the preceding sections and some comparisons 
have been made. This section provides a convenient, compact comparison of the 
major performance parameters. 

4.4.1 Enthalpy Comparisons 

Table 3 summarizes the energy balance enthalples measured on the three 
gases tested over the complete test matrix. Direct comparisons can 5e made 
at 25 and 50 arm among all three gases. The hydrogen enthalples were 
approxlmately four times those on helium and five to seven times those on 
air for the same arc current and pressure. At the high pressures, the helium 
enthalples were 41Z to 69Z higher than air. 

TABLE 3 COMPARATIVE N-250-5-0.162 ARC HEATER PERFORMANCE ON H 2, He OR AIR 

Arc Test 
current 

(A) gas 

Arc pressure (arm) 

10 16 25 60 75 100 

Average enerw balance enthalpy (Btu/Ib) 

H 2 30,200 33,300 30,900 - - - 
240 He - - 7,300 5, 800 5,100 4,800 

Air 5,600 4.900 4.300 3,700 3,500 3,400 
H 2 32,800 35,700 35,000 31,200 - - 

320 He - - 8,300 7,200 6,200 6,100 
Air 5,900 5,700 5,100 4,400 4,100 3,900 
H 2 32,900 38,900 37,800 - - - 

400 He - - 9,300 8,300 7,600 7,400 
Air 7,000 6,200 5,700 4,900 4,500 4,400 

The performance advantage of hydrogen i s  shown in  F igure  36 where the  
s i g n i f i c a n t l y  h ighe r  e n t h a l p l e s  from T~61e 3 a re  compared g r a p h i c a l l y .  Also 
shown are  the  performanc~ p r e d i c t i o n s  of the t h r e e  v e r s i o n s  of the  mlni-.,m 
energy a d d i t i o n  s c a l i n g  program. 
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4.4.2 Arc Voltage Comparisons 

Figure 37 compares the arc voltages on hydrogen, helium and air for the 
same and similar arc currents and pressures. The hydrogen arc voltages were 
more than a factor of two higher than those on air, and the air voltages 
were approximately 10% higher than those on helium. 

The voltage and current oscillations on hydrogen were more severe than 
those on air, with the helium arc characteristics being the most stable of 
the three. Noise frequencies of 150 kHz with a modulation of 2.5 kHz were 
identified on hydrogen. An isolation amplifier was necessary to obtain an 
accurate hydrogen arc voltage. 

4.4.3 Test-Stream Contamination Comparison 

The electrode erosion and resultant test-stream contamination varied 
significantly with the test gas and, on hydrogen, with the test pressure. 
Figure 38 compares the total test stream contamination (anode plus cathode 
mass loss) as a percent of the gas mass flow rate for all three gases. 

At low p r e s s u r e ,  t h e  a r c  was r e l a t i v e l y  s h o r t  on h y d r o g e n  and was n o t  
e v e n l y  d i s t r i b u t e d  on  t h e  e l e c t r o d e  s u r f a c e .  The r e s u l t  was s e v e r e  e r o s i o n  
and  h i g h  c o n t m n i n a t i o n .  The l o w - p r e s s u r e  a i r  t e s t s  were  made u s i n g  a s i l v e r -  
copper anode which  appears to have helped reduce the total contamination. 
Contamination on air was more severe than on hydrogen or helium at the higher 
pressures. Anode erosion at 75 and i00 arm on air was quite severe, whereas 
the erosion was negligible on helium for the same conditions. 
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5. ARC HEATER SCALING 

Scaling of Huels-type arc heaters received considerable attention a 
decade ago 8.10, and simple rules were derived from data on small arc heaters. 
The use of these simple scaling rules led to sizable design errors for larger 
scale heaters. 11 The Dower capability of the heaters was under-estlmated by 
a factor of four, and the scaled arc voltages were high, leading to predicted 
enthalpies considerably above those actually achleved, l 

Later work 12 developed an analytical model for high pressure, high flow 
rate arc heaters which included radiation from the arc column and turbulent 
convective heating of the gas. This model, for flxed-length arc heaters, was 
computer coded and shown to yield reasonable agreement with limited experi- 
mental data. A study by MDRL 2 resulted in the addition of the sonic flow 
relation and wall convection losses, and in improvements of the transport 
and thermodynamic properties used in the above model. 

Comparisons with data from flxed-length arc heaters were favorable In 
the moderate pressure regime (25 to 125 arm). 13 Comparisons with Huels-type 
arc heater (MDC-200) data were surprisingly favorable in the higher pressure 
regime 15 (50 to 250 arm), but perhaps fortuitous since the model did not 
consider the variable arc position. 

In order to assess the accuracy of the modified code for scaling Huels- 
type arc heaters, comparisons with experimental arc voltages from four 
different acale heaters were made. 1 3 These heaters included the N-250 
(N = 0.5)14 used in this study, the ~inde N-1000 (N = 1)!4, the MDC-200 
(N = 2) 15, the Linde N-4000 (N -- 2) 14 , and the USAF-AFFDL RENT heater (N = 4).I 
The nozzle throat diameters, throat air flow rates and arc currents were 
normalized using the a r c  heater scale t o  allow direct comparisons. The arc 
lengths were scaled linearly as L/N = 12 in. Figures 59 and 40 illustrate 
the results of these comparisons for 45 and ii arm. At 45 arm pressure, the 
scaled voltages range from 76Z to I03Z of the measured values. At ii arm, 
they range from 84Z to I04Z. These data cover a wide range of variables and 
arc heater scale, thus indicating that the arc length can he scaled linearly. 

The effect of the individual operating variables Is shown in Figure 41 
for an N = 1 heater 14 where the arc voltage comparison Is presented as a 
function of scaled arc current, mass flow rate, and nozzle throat diameter. 
Again the arc length was scaled linearly. The strongest effect is due to 
mass flow rate where a factor of eight imcrease causes only a 23Z deviation. 

Having established that the improved computer code could be used with 
confidence for scaling, attention was next devoted to further improvements 
that better modeled the Huels-type heater and accurately matched the air 
data accumulated In this experimental p rogr-r,. This version of the code was 
labeled AIRARC. 

The gas  t r a n s p o r t  p r o p e r t i e s ,  thermodynamic p r o p e r t i e s  and o t h e r  f e a t u r e s  
of  the  code were then  m o d i f i e d  f o r  hyd rogen  (RYARC) and he l ium (HEARC). 
C o r r e l a t i o n  of  the  e x p e r i m e n t a l  d a t a  on t h e s e  g a s e s  u s i n g  the  r e v i s e d  codes  
p l u s  the  c o n f i d e n c e  i n  s c a l i n g ~ a t r  d a t a  i m p l i e s  t h a t  r e l i a b l e  e s t i m a t e s  can 
be made f o r  l a r g e r  s c a l e  hydrogen  and he l ium a r c  h e a t e r s .  Such e s t i m a t e s  
have  5e~n made and a r e  i n c l u d e d  i n . t h i s  s e c t i o n .  
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5.1 SCALING CODE 

The a r c  h e a t e r  s c a l i n g  code  i s  b a s e d  on a m o d e l  12 f o r  h i g h  p r e s s u r e ,  h i g h  
flow rate operation. Energy input is 5y ohmic heating of the arc column and 
losses include radiation and convection. The bulk gas lls heated by turbulent 
convection from the arc. The solution of the model is based on the principle 
of energy conservation, minimum energy addition, total gas energy balance, 
and optional nozzle throat sonic flow. The algorithm is essentially the same 
for each operating gas, the difference being the use of the appropriate 
therm, dynamlc and transport properties. 

The i n p u t  parameters required for the algorlthm are: 

0 

0 

0 

Arc current 
Chamber pressure 
Arc heater geometry 

Constrictor diameter 
Front constrictor length 
Nozzle throat diameter 
Arc l e n g t h .  

Based on the above information, 

o E n t h a l p y  
o V o l t a g e  
o Mass f l o w  r a t e  
o E f f i c i e n c y  
o E l e c t r i c a l  power  i n p u t  
o S t a g n a t i o n  t e m p e r a t u r e  
o R a d i a t i v e  h e a t  f l u x  

the algorithm predicts the following: 

o Convective heat flux 
o Constrictor heat load 
o Rear electrode heat load 
o E l e c t r i c a l  g r a d i e n t  
o Power i n  t h e  ga s  
o Arc  t e m p e r a t u r e  
o Arc diameter 
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5 . 1 . 1  P h y s i c a l  Hode l  

The p h y t i c a l  mode l  f o r  h i g h - p r e s s u r e  a r c  h e a t e r  o p e r a t i o n  i s  b a s e d  on 
the analysis of Richter. 12 The Justification and rationalization of this 
approach is presented in Reference 12. The incorporation of total gas 
energy 5alance for determining bulk gas temperature and convective losses to 
the constrictor wall, and of nozzle sonic flow relation for determining mass 
flow rate are from Palnter. 16 

The p h y s l c a l  mode l  c h a r a c t e r i z i n g  a h i g h  p r e s s u r e ,  h l g h  f l o w  r a t e  a r c  
h e a t e r  i s  i l l u s t r a t e d  i n  F i g u r e  42. The a r c  column i s  c o n s i d e r e d  as  a c e n t r a l  
c o n d u c t i v e  body ( w i r e  l l k e )  a t  a u n i f o r m l y  h i g h  t e m p e r a t u r e  and i s  t h e  o n l y  
s o u r c e  of  ohmic h e a t .  The b u l k  gas  i n  t h e  a n n u l u s  s u r r o u n d i n g  t h e  a r c  i s  
h e a t e d  5y c o n v e c t i v e  t u r b u l e n t  t r a n s f e r  f rom the  a r c .  I n  a d d i t i o n  t o  h e a t i n g  
t h e  g a s ,  t h e  a r c  column a l s o  l o s e s  e n e r g y  d i r e c t l y  t o  t h e  c o n s t r i c t o r  w a l l  by 
v o l u m e t r i c  r a d i a t i o n .  The a r c  and b u l k  g a s e s  a r e  c o n s i d e r e d  t o  be  o p t i c a l l y  
t h i n .  The b u l k  gas  l o s e s  e n e r g y  t o  t h e  c o n s t r i c t o r  w a l l  by c o n v e c t i o n .  

Tern 

/ 

mrature 

Tg 

T a 

L 
I 

ra rc 

I Radius 
I 

Radial temperature profile 

Tw 

Figure 42 High pressure arc heater model 
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The algorlt~ has been adapted t o  c~aracterlze Huels-type configurations, 
Figure 43, by allowing for the followlng types of energy losses which are 
incorporated into the detailed energy balance equations. 

1. Rear Electrode - T h i s  loss is by radiation from the arc only. Since 
a portion of the room-temperature inlet gas has reverse flow along 
the electrode wall, hence shielding it from the hot core gas, there 
is no convection. The bulk gas is still heated convectlvely from 
the arc, but there is no convective loss to the wall of the rear 
e l e c t r o d e .  

. Front Electrode - These losses are by radiation f rom the arc only, 
over the distance that the arc extends into the constrictor. 
Convection from the hot bulk gas is allowed over the entire 
constrictor length. 

3. Nozzle - Losses t o  the nozzle are included by using an empirical 
convection relation based on experimental d a t a .  

Rear electrode (anode) Front electrode (cathode) Nozzle 

- - - -  N o  ~osses - ' - 

t 
Radiation _ I 

plus - 1" convection 

I 

Convection 

Figure 4 3  Huels - type arc heater energy loss model  

This arrangement recognizes some of the realities of the Huels-type 
configuration, namely that convective losses to the wall of the front electrode 
do occur from the hot gas downstream of the arc termination, that the rear 
electrode has no convective losses resulting from the reverse flow of the 
cool inlet gas, and that there are losses to the nozzle. 

The front and rear arc lengths and the front constrictor lengths were 
input parameters to the algorlth~, so that other arc heater configurations 
could also he simulated. 

The followln8 equations show the development of the model. The first 
part of t h e  a~_~ysls is presented for completeness only; i t  may also be found 
in Reference 1 2. 
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The power balance on the arc column per unit length is: 

+P . Pi = Pr c (12) 

The electrical power input to the arc per unit length is: 

12 
Pi = = "E"x 

ir 2 D 2 
~ D  a a 

(is) 

The power radiated per unit length of the arc column (to the constrictor 
walls) is: 

w 2 2 (14) P r  = U ~  D a = Y D a . 

The power  c o n v e c t e d  f r o m  t h e  a r c  t o  t h e  b u l k  g a s  p e r  u n i t  l e n g t h  i s :  

P = h(T a ~ D . (15) c - Tg) a 

The heat transfer coefficient from the arc to the gas is: 

Nu 
hag = D - D (16) g 

c a 

The Nusselt number  is: 

Nu = 0.0265 (Re) 0"8 (Pr) 0"3 . (17) 

The Reynolds number is: 

4~ 
Re = g ( 1 8 )  

~ (D c + D a)  " 

Summarizing, the resultant expression for P is: 
c 

0.2 
D a (D c + D a) 

Pc = Z 2 2 ' (19) 
D - D  

c. a 

w h e r e  Z i s  a p a r a m e t e r  i n d e p e n d e n t  o f  a r c  d i a m e t e r  and i s  d e f i n e d  a s :  

Z = 0.0265 ~ ~/ (Pc) 0"3 ~ ~ (T a - Tg) . (20) 

The a r c  d i a m e t e r  i s  o b t a i n e d  by  s o l v i n g  t h e  power  b a l a n c e  e q u a t i o n ,  
Equation (12), as rewritten in terms of the arc diameter. 
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D (D c + 2 1 - Y D 2 + Z a - Da)0" = 0 (21) 
2 a D 2 D 2 " 

Da c a 

E q u a t i o n  (21) i s  s o l v e d  f o r  g i v e n  v a l u e s  of  a r c  t e m p e r a t u r e ,  b u l k  gas  
temperature, mass flow rate, arc current, pressure, and constrictor diameter. 
The algorithm solves this equation for arc diameter using a Newton-Raphson 
iteration technique starting with an initial approximation for D a. This 
solution is performed in subroutlne ARCDIA. 

The arc temperature and henc~ electrlcal power input, Equation (13), 
is determined by finding the arc temperature for which the power input is a 
minimum. This corresponds to the physical principle that processes in nature 
wlll always occur for the least possible expenditure of energy. It is from 
this principle that the algorithm derives the title of minimum energy addition. 
Figure 44 illustrates the variation of power input with arc temperature. A 
minimum power is clearly evident. The algorithm determines this minimum 
power by stepping the arc temperature in a direction that reduces the power 
input. When the minimum is passed, the temperature step size is reduced and 
proceeds in the opposite direction. The searching process continues until 
a small pre-set temperature step is reached. The determination of the arc 
temperature for which the power input is a minimum is performed in subroutine 
ARCT~. 

The bulk gas temperature is determined from a total gas power balance 
for the arc column ap~ the bulk gas'annulus. The gas temperature is 
iterated until the total gas power based on arc and gas annulus mass flow 
rates and enthalples agree with the power based on power input less losses. 

The total gas power based on i n p u t  less losses is obtained from: 

+ qc ~ D L + Qp, (22) PgJBal " PI + ~" HI -(qr ~ Dc La c c 

where  P = t o t a l  power i n  gas  b a s e d  on i n p u t  l e s s  l o s s e s .  
g[Bal 

The r a d i a t i v e  h e a t  f l u x  i s  o b t a i n e d  f rom t h e  a r c  column v o l u m e t r i c  
r a d i a t i o n  l o s s :  

2 
Y D  

a 
(23) m 

~r  ~ D 
c 
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The convective heat flux from the bulk gas to constrictor wall is 
obtained as follows: 

where T 
w 

qc = hgw ( T g -  T w) , (24) 

= 590 K and h is the turbulent film heat transfer coefficient: 
gw 

h = Nu___._._~_~ ( 2 5 )  
gw D - D 

c a 

The total power in the gas, based on arc column and gas annulus flow 
rates and enthalpies, is obtained by assuming a unlformveloclty for the arc 
and the gas. This assumption is in contrast to that made previously for 
computing the turbulent heating of the gas by the arc where the velocity was 
implicitly assumed to be zero. The assumption of non-zero arc column velocity 
is required to obtain an arc column mass flow rate which, however smell, is 
required to obtain the power in the arc column. This is not insignificant 
because of the h/gh arc column enthalpy. The velocity is obtained from: 

v ffi • (26) 
+ Pa A pg Ag a 

The flow rates for the arc column and gas annulus are hence: 

ma Pa Aa v , and (27) 

~g = 0g Ag v . (28) 

The total power in the gas based on enthalpy and mess flow is: 

P = H • + H & . (29) 
glENI g g a a 

The computation of these two expressions, Equations (22) and (29), for 
total gas power is performed in subroutine GASPOW. The bulk gas temperature 
is iterated by the method of false position until total gas power based on 
Equations (22) and (29) agree within a specified tolerance. The iteration 
process is performed in the main program. 
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The mass flow rate is determined by assuming the flow to be sonic at the 
nozzle throat: 

| 2 ) 2(7-i) - A* (.y PoPo )1 /2  % (30) 

The mass f l o w  r a t e  i s  compared w i t h  t h a t  p r e d i c t e d  by the  above ,  and i t e r a t e d  
u n t i l  t he  two v a l u e s  a g r e e  w i t h i n  a s p e c i f i e d  t o l e r a n c e .  These c o m p u t a t i o n s  
a r e  pe r fo rmed  i n  the  main program. 

The stagnation enthalpy is the total power in the gas divided by the 
mass flow rate: 

P 
.__K 

H o ~ • (31) 

The s t a g n a t i o n  t e m p e r a t u r e ,  T , i s  t he  t e m p e r a t u r e  t h a t  c o r r e s p o n d s  t o  the  
s t a g n a t i o n  e n t h a l p y ,  Ho, a t  p~essu re  P. This  d e t e r m i n a t i o n  i s  done in  s u b -  
r o u t i n e  TEMP. 

The v o l t a g e  g r a d i e n t  i s  o b t a i n e d  f rom:  

I 
C - o--i- • (32) 

a a 

The a r c  v o l t a g e  i s  t h u s :  

V ffi G L a , (33) 

where the  a r c  l e n g t h  L a i s  an i n p u t  p a r a p e t e r  to  the  a l g o r i t h m .  

E f f i c i e n c y  i s  d e f i n e d  as the  power added to  the  gas  d i v i d e d  by t he  i n p u t  
e l e c t r i c a l  power:  

Pg - ~ H I 

n - PI * i00 . (34) 

The r e a r  e l e c t r o d e  h e a t  l o s s  i s  assumed to  be due o n l y  to  r a d i a t i o n ,  
s i n c e  f o r  a H u e l s - t y p e  h e a t e r  the  r e v e r s e  f l o w  of  t he  i n l e t  gas  a t  room 
t e m p e r a t u r e  would p r e c l u d e  c o n v e c t i v e  t r a n s f e r ~  Hence,  

where L 
r 

Qr TM qr  ~ De Lr ' (35) 

i s  the  l e n g t h  of  the  a r c  i n  the  r e a r  e l e c t r o d e .  
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The front electrode ~constrictor) heat loss is due to radiation over that 
portion of the arc extending into this electrode, and convection from the hulk 
gas over the entire electrode length. Hence: 

Qf = q r  '~ Dc Lf  + qc ~ Dc Lc " (36)  

The total arc length is: 

L a = L F + L E . (37) 

~quatlons (32) through (36) are evaluated in subroutine OUTPUT. 

5.1.2 Operatiu 6 Gas Characterization 

The mlnlmum-energy-addltlon, arc heater characterization code requires 
information on the gas thermodynamic and transport properties as a function 
of temperature and pressure, nozzles losses, and front and rear electrode 
arc lengths. This section outlines the source of such data and describes 
the correlations utilized. 

The helium, hydrogen, and air thermodynamic and transport data were 
obtained from the sources shown in Table 4 over the pressure and temperature 
ranges indicated. These data were incorporated into the algorithm by means 
of table interpolation on 5oth temperature and pressure for helium and 
hydrogen with the exception of the electrical conductivity of hydroeen which 
was curve fit. AIRARC used curve fit routines and closed form equatlons. 
Transport properties not available above 30 arm were obtained by extrapolation 
using the pressure dependent relationship of the data below 30 arm. 

The Prandtl number used for each gas is shown in Table 5. A single 
constant value was chosen because its variation over the temperature and 
pressure ranges of interest was not great, plus the fact that it was raised 
to the 0.3 po~er, (Pr) 0"3, which tended to further minimize any variations. 

The ratio of specific heats, 7, used in the sonic flow relation is shown 
in Table 5. A single constant value was used for helium, and a pressure- 
temperature curve fit was used for hydrogen. An empirical sonic flow relation 
was used for air that precluded the need for 7. 

The room temperature inlet enthalpy used for each gas is also shown in 
Table 5. 

Volumetrlc radiation for air and_hydrogen as functions of temperature 
and pressure were obtained from Yos. 22 For helium, radiation was determined 
functionally as that resulting from free-bound transitions. Kogan 27 points 
out that the main mechanism of radiative heat transfer for a plasma with low 
electron temperature (of the order of electron volts) is the process of 
recombination of electrons with ions as opposed to the case of high temperature 
plasma (T > i00 eV) where electron bremsstrahlung is the_main .contribution. 
The functional relationship for free-bound radlatlon, 27 ,281s: 

U = _ / _ C  N 2 . ( 3 8 )  
T/f-  e 
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T A B L E  4 T H E R M O D Y N A M I C  A N D  T R A N S P O R T  P R O P E R T Y  SOURCES A N D  R A N G E S  

Electron Thermal Bectrical Volumetric 
Gas Enthalpy Density mole conductivity conduct iv i ty Viscosity radiation 

fraction 

Helium 

Source 

Temperature 

Pressure 

. Hydrogen 

Source 

Temperature 

Pmssu re 

Source 

Temperature 

Pressure 

Air 

Source 

Temperature 

Pressure 

Lick and Lick and Lick and Lick and Lick and Lick and 
Emmons 10 Emmons 19 Emmons 19 Emmons 20 Emmons 20 Emmons 20 

30,000 K < 30,000 K < 30,000 K < 30,000 K < 30,000 K < 30,000 K 

1 • 1000 arm 1 - 1000 atm 1 - 1000 arm 1 - 1000 arm 1 - 1000 atm 1 • 1000 arm 

Rosenbaum 21 Krascella 22 Grier 23 Yos 24 Grier 23 

and Levitt 

<30 ,000  K <80 ,000°R  T <  10,000 K T < 3 0 , 0 0 0  K T <  10,000 K 

1 - 100 atm 1 - 250 arm 1 - 100 atm 1 - 30 arm 1 - 100 atm 

Yos 24 Yos 24 

T < 30,000 K T ~; 30,000 K 

1 - 30 arm 1 - 30 atm 

Swell 25 Peng 26 Peng 27 Hanssn 28 

3000 • 7000 K T < 16,000 K T < 16,000 K 500 • 5000 K 

1 - 200 atm 1 - 500 arm 1 - 500 arm 0.01 - 100 arm 

Yos 24 

T < 30,000 K 

1 - 30 atm 

Yos 24 

T < 30,000 K 

1 - 30 atm 

T A B L E  § T H E R M O D Y N A M I C  CONSTANTS USED IN H Y A R C ,  H E A R C  A N D  A I R A R C  

Gas Prandtl no. Inlet enthalpy Specific heat ratio 

Helium 0.672 670 Btu/Ib 1.6667 

Hydrogen 0.650 1800 Btu/Ib Curve f i t  

Air  0.680 130 Btu/Ib Not used 

In  
o 
.o 
-4 
20 

O) 
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The mlnimum-energy-addition arc heater scaling algorithm has been 
correlated to the experimental data of this program. The parameters 
(observables) were arc voltage, bower input, efficiency, front and rear 
electrode losses, enthalpy, and front and rear electrode arc tracks. The 
correlation goal was to obtain as good an agreement as possible between 
algorithm predictlons and all the above observables over the entire pressure- 
current test matrix. The algorithm parameters "adjusted" to obtain this 
correlation were: relative radiation level; the temperature used to evaluate 
the thermal conductivity in the expression for energy transfer between arc 
column and bulk gas, and likewise in the expression for energy transfer 
between the bulk gas and constrictor wall; and front and rear arc lengths. 

The rationale for this approach was that By fitting the algorithm model 
to experiment, a degree of confidence for scaling to other heater designs was 
added. This approach also tended to remove possible discrepancies of the 
theoretically calculated thermodynamic and transport properties. The results 
of this correlation process for hydrogen and helium are described below. 

Table 6 shows the observables used in adjusting each of the algorithm 
parameters. The scatter in the observed arc track data was generally too 
great to assign well defined values. Hence, arc length was made an adjustable 
parameter. If arc lengths had been well defined (for each pressure and 
current), then the correlation processes would have been easier and probably 
more accurate. For example, if the rear arc length were known with certainty, 
then the radiation level could have been directly related to rear power losses. 
As it was, a trade-off was required to interrelate rear length and radiation 

with the losses. 

TABLE 6 CORRELATION PARAMETERS 

Algorithm parameters Observable correlated 

Total arc length, L T Arc voltage (power input), arc tracks 

Rear electrode arc Rear electrode losses, arc tracks, 

Length, L R LR = LT - L F  

Front electrode arc Front electrode losses, arc tracks 

length, L F LF = LT - LR 

Radiation level Rear electrode losses, arc voltage, 
efficiency 

Temperature for Efficiency (power in gas after arc 
evaluating Aa9 voltage is correlated), enthalpy 

Temperature for Front electrode loss 

evaluating Xg w 

The p r e d i c t e d  v a l u e  f o r  e a c h  o b s e r v a b l e  i s  d e p e n d e n t  u p o n  m o r e  t h a n  one  
adjustable algorithm parameter; hence several "adjustment" iterations were 
required to determine the final values. These final values represent a 
subjective best-flt of the computed results to the experimental observables. 
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The arc length results are shown in Table 7 and in Figures 19, 29, and 
35 for camparlson with observed arc track data. For heaters other than scale 
N = 0.5, the arc lengths were scaled from L/N values equal to those obtained 
in this work. For example, a scale N = 1 heater front and rear arc lengths 
was scaled as twice those observed for this work. For fixed arc length 
heaters, the physical electrode gap should be input to the algorithm. 

TABLE 7 ARC LENGTH CORRELATIONS:  N-250-5/8-0.162 

Helium L F = 4.45 + 0.0108 (Po - 25} - L R (in.) 

LR = Po/(0"288 Po + 4.22) (in.) 

/320 '~  0.65 
Hydrogen L T = 1.3 + (4.51 + 0.086)(Po - 15) ~---~--/ (in.) 

/400 \ 0.22 
LF = (3'2 +0"063 (P° --10) ~ T /  (in.) 

L R=L, t - L f  (in.) 

Air L A = 5.0 + 0.02 Po (in.) 

The temperature at which the thermal conductivity was evaluated for 
computing the power transfer from the arc column to the bulk 8as was determined 
t o  b e :  

T = 0.8 (T a - Tg) + Tg Hydrogen (39) 

T - 0.7 (T a - Tg) + Tg Helium (40) 

The temperature at which the thermal conductivity was evaluated for 
ccmputlng the power transfer from the bulk gas to the constrictor wall was 
determined to be: 

T = 0 . 5  (~TE - T J  + T w H y d r o g e n  (41)  

T = T Helium (42) 
g 

The nozzle energy loss expressions used in the algorithm for use in 
calculatlng an overall gas power 5alance are shown in Tahle 8. These were 
correlated from the experimental data of this program, Section 4. Generally, 
the nozzle losses were 5-6Z of the input power and were not critical for 
reasonable algorithm predictions. When scaling to different size heaters, 
the appllcahillty of this expression should 5e examined. 
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TABLE 8 NOZZLE LOSS CORRELATIONS FOR HYARC, HEARC AND AIRARC: N-250-5/8-0,162 

Helium QN = 0.04 (~He)0"7 (h b - 1325) Btu/s 

Hydrogen QN = 0.0469 (~H)0"8(hb - 3600) Btu/s 

Air QN = 0.0469 (rha) 0"8 (h b -  250)Btu/s 

Radiation levels were correlated to the power loss of the r~ar electrode. 
Rear electrode losses were assumed to be entirely radiative because reverse 
flow of the inlet gas at room temperature precludes any convective transfer 
to the electrode walls. The resultant constant for the helium radiati6n, 
Equation (38), is C = 4.34 x 10 -28 for radiation in W/cm 3 and electron density 
in cm -3. For hydrogen, Yos 24 radiation levels were increased by a factor of 
2.4. Yos radiation was computed according to: 

~os = 17.1 x 10 -34 /T- N 2 , (43) 

which was an expression for free-free radiation as corrected for free-bound 
and modified by an empirical correction factor based on radiation data for 
shock heated argon. As discussed by Kogan, 27 free-bound radiation predomlnates 
for arc heater conditions. He has computed for hydrogen: 

Ufb = 5.32 x 10 -29 N2/~T - . (44) 

Comparing Yos's value 22 with Kogan' s 27 for hydrogen arc temperatures of 
11,500 K, we obtain: 

Ufb 3.11 x 104 
- -  m 

Uyo s T 
- 2 . 7 1 ,  ( 45 )  

which nearly corresponds to the factor of 2.4 found in this work. 

The he l i um r a d i a t i o n  i s  8 .1  t i m e s  t h a t  f o r  hyd rogen .  Th i s  can  be p a r t l y  
e x p l a i n e d  by the  h i g h e r  i o n i z a t i o n  p o t e n t i a l  o f  h e l i u m ,  and p o s s i b l y  by non-  
unity Gaunt factors. In addition, the radiation constant (Equation 44) varies 
as the square of the effective charge on the nucleus, Z 2. A value of unity 
was used for hydrogen. For singly ionized helium, the effective nuclear 
charge is 1 < Z < 2 since its remalnlng electron cannot effectively shield 
the inner core. Thus, up to a factor of 4 could 5e accounted for in this 
manner. 
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5.1.3 D i s c u s s i o n  

As with any physlcal modeling process, trade-offs must be made between 
solving simpler models which include the princlpal physical processes (and 
hence more cost-effective) and solving more detailed models which may include 
parameters only vaguely known and/or so involved that significant phenomena 
such as radial pressure gradients and swirl must be ignored to obtain a 
solution. 29 Thus simpler approaches, partlcularly when correlated with data, 
can often be adequate for engineering estimation purposes. 

The physical model upon which this algorithm is based includes the 
significant principal mechanisms for energy input, arc column radiation loss, 
turbulent convective heating of the gas, bulk gas power level determination, 
bulk gas wall losses, and mass flow rate determination. 

This approach, however, has certain inherent limitations. The analysis 
is a single-point solution. 1 2 It evaluates a stable operating condition at 
a single location and projects this solution for the entire arc length. In 
practice, however, high pressure constricted arcs are not fully developed. 
The energy exchange between the arc and bulk gas annulus is based on turbulent 
heat transfer correlations that inadequately consider many of the details of 
the heating process. For that portion of the arc in the rear electrode where 
reverse flow occurs, the progrsm assumes the entire flow rate for calculating 
the convective gas heating rate; in practice, only a fraction of the inlet 
gas experiences reverse flow in the rear electrode. Another undetermined 
parameter for the rear electrode is the effective annular cross sectional 
area for the flow. Since the flow is reversed, an effective diameter 
corresponding to the front constrictor dlameter has been utilized. If in 
practice this diameter was smaller, it would tend to offset the reduced flow 
rate in the Reynolds number determination. 

5.2 AIRARC COMPARISONS AND SCALING 

Computations using AIRARC were made for the full range of the experimental 
N-250 data from this program. The initial comparisons indicated that the nozzle 
throat area change during test caused the sonic flow rates to be low, thus 
yielding high predicted gas enthalpies. The sonic flow section of the code 
was bypassed, and the experimental gas flow rates were input. The resultant 
performance predictions are shown in Figures 30 through 32 and Table i0 (see 
Table 9 for nomenclature). 

The key p r e d i c t i o n s  were the  t o t a l  ene rgy  l o s s e s  s i n c e  the  e x p e r i m e n t a l  
f l ow r a t e s  were used and the  a r c  l e n g t h  was s e l e c t e d  t o  b e s t  c o r r e l a t e  the  
e x p e r i m e n t a l  a r c  v o l t a g e s  and a r c  t r a c k s .  Al though  the  magn i tudes  of  the  
e n e r g y  Loss p r e d i c t i o n s  ( F i g u r e  32) were no t  s i g n i f i c a n t l y  i n  e r r o r ,  p a r t i c u -  
l a r l y  i n  the  middle  p r e s s u r e  r ange ,  the  f u n c t i o n a l  dependence on p r e s s u r e  
appea r s  h igh .  The e x p e r i m e n t a l  l o s s e s  i n c r e a s e d  as  the  0 .57 power of  the  
a r c  p r e s s u r e  whi leAIRARC p r e d i c t e d  an e x p o n e n t i a l  dependence of  a p p r o x i m a t e l y  
0 .92 .  This  i s  r e f l e c t e d  i n  the  p r e d i c t e d  e n t h a l p i e s  which exceed  the  measured 
v a l u e s  by as  much as 30% a t  the  10 arm p r e s s u r e  l e v e l .  At h i g h e r  p r e s s u r e s ,  
t he  e n t h a l p y  p r e d i c t i o n s  were much b e t t e r ,  p a r t i a l l y  because  of  sma l l  o v e r -  
p r e d i c t i o n  of the  a r c  vo l tagew 

79 



AEDC-TR-76-25 

TABLE 9 AIRARC OUTPUT NOMENCLATURE 

Parameter Definition 

P Arc pressure (arm) 
ATM 

I. Arc current (A) 
AMP 

DIAC Constrictor diam (in.) 
IN 

ARCL Arc length (in.) 
IN 

DIAT Nozzle throat diam {in.) 
IN 

BGT Bulk gas temperature (OR) 
DEGR 

V Arc voltage (V} 
VOLT 

PIN Air power input (kW) 
KW 

GASP Power to gas (kW) 
KW 

E Arc potential gradient (V/in.) 
V/I N 

RAD Radiant heat f lux to wall in arc region (Btu/ft2s) 
B/F2S 

CNV Convective heat f lux to wall (Btulft2s) 
B/F2S 

QE Energy loss to nozzle (Btu/s) 
BPS 

M Air flow rate (Ib/s) 
LBM/S 

H Stagnation enthalpy (Btu/Ib) 
B/LB 

EFF Thermal efficiency (%) 
PERC 

ARCT Arc temperature (OR) 
DEG R 

ARCD Arc diam (in.) 
IN 
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TABLE 10 PREDICTED N-250 PERFORMANCE BY A IRARC [ 

P 1 DIAC AsIGL. DIA T BGT 
ATfq ~tiqP l q  I ~ I~4 DEG H 

V P l q  GASP E 
VOL.TS KIv K~, V / I  

RAD CgV QE ~ ~ EFF ARC T ARC D 
8 / F 2 5  B / S  L B / S  BILB PERC DEG R 19 

100 2 4 0  0 . 3 ? 5  7 . 0  0 . 1 6 2  ~500  
3137  753 460  448 2847  1292 2`) 0 . 1 4 6  3 1 5 0  61 2 3 0 9 3  0 - 0 7 3  

100 3 2 0  0 . 3 7 5  ? . 0  0 . 1 6 2  9 6 0 6  
2783  8~)1 531 398 3?87  1371 34 0 .  137 353`] 60  22801  0 .  092 

100 400  0 . 3 7 5  7 . 0  0 . 1 6 2  10537 
2 5 6 5  1026 602  366  4673 1446 3 )  0.  132 4470  59 2 2 5 7 0  0.  110 

75 2 4 0  0 - 3 7 5  6 . 5  0 - 1 6 2  863#  
2 3 8 0  571 350  366  2276  1015 22 0.  107 3 2 5 )  61 229S7  0 . 0 ~ 0  

75 320  0 . 3 7 5  6 . 5  0 . 1 6 2  ,1721 
2 1 2 6  680  409 32#  2976 1081 2R 0 . 1 0 2  3 9 7 5  60 2 2 6 7 2  0. 101 

75 400  0 - 3 ? 5  6 . 5  0 . 1 6 2  10682 
1954 782 461 301 3704  1130 32 O, 097 4654  5") 2245 ' ]  O, 121 

50 240  0 . 3 7 5  6 . 0  0 . 1 6 2  ~851 
1685 404  250  221 1614 736  15 0 . 0 7 1  3 5 1 6  62 227` )0  0 ,  0") I 

50 320  0 . 3 7 5  6 . 0  0 . 1 6 2  #991 
1508 483 294  251 2140  ?87 22 0 . 0 6 3  42~6  61 2 2 5 2 0  0. 114 

50 400  0 . 3 7 5  6 - 0  0 . 1 6 2  10146 
13d8 555 332  231 2700  816  25 0. 065  5 0 4 5  60 2 2 3 4 5  0.  136 

25 240  0 . 3 7 5  5 . 5  0 - 1 6 2  9 6 7 2  
991 238 152 180 S5# 451 13 0 . 0 3 5  4252  64 2 2 3 3 4  0 . 1 1 6  

25 320  0 . 3 ? 5  5 . 5  0 . 1 6 2  10969 
875  280  176 159 1169 463 15 0 . 0 3 2  5347 63 2 2 1 0 3  0 . 1 4 6  

25 400  0 , 3 7 5  5 : 5  0 . 1 6 2  12023 
d 0 ?  3~-3 2 0 0  147 1508 .~70 18 0 . 0 3 0  6441 62 2 | 9 1 1  0 . 1 7 2  

15 240  0 . 3 7 5  5 . 3  0 . 1 6 2  1054') 
6~7 167 112 132 507 319 10 0 . 0 2 1  5161 67 21~7` ]  0 . 1 4 0  

15 320  0 , 3 7 5  5 - 3  0 , 1 6 2  11`]49 
619 1#8 129 117 740  3 2 |  i 2  0 . 0 1 ' )  6549 65 21`]11 0 . 1 7 3  

15 400  0 . 3 ? 5  5 - 3  0 . 1 6 2  12866 
Sd2 233 14d 110 i 0 2 9  326  14 0-  01`] 7`)09 64 2 1 1 1 2  0 . 1 1 7  

See Tabta 9 for nomenclature 
Sea Table A-3 for experimental data 
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S u b s t i t u t i o n  o f  a r a d i a t i o n  h e a t ~ t r a n s £ e r  c o r r e l a t i o n  ( d e r t v e d  i n  an  
earlier electrode heat transfer study 7) for the volumetric radiation of Yos, 
y~elded much closer correlatlou of the electrode energy losses in the N-250 
o p e r a t i n g  on a i r .  F i g u r e  45 and  T a b l e  11 c o m p a r e  t h e  e m p i r i c a l  v e r s i o n  o f  
AIRARC (ATRARC ZX) t o  t h e  N-250  e l e c t r o d e  e n e r g y  l o s s e s .  The f u n c t i o n a l  
d e p e n d e n c e  on p r e s s u r e  i s  c l o s e l y  c o r r e l a t e d ,  and  t h e  m a g n i t u d e s  a r e  q u i t e  
a c c u r a t e  o v e r  t h e  f u l l  r a n g e  o f  t h e  d a t a .  The a r c  v o l t a g e  and r e s u l t a n t  
e n t h a l p y  a r e  a l s o  c o r r e l a t e d  b y  t h e  r e v i s e d  c o d e  w i t h  i m p r o v e d  a c c u r a c y ,  a s  
shown b y  c o m p a r i n g  T a B l e s  11 and 23. 

TABLE 11 PREDICTED N-250 PERFORMANCE BY A I R A R C  I1 

P I DIAC AHCL DIA t BGT 
ATN APIP IY 1q Ig  • DEG R 

.t 

V P I l l  GASP g RAD C~IV QE ~ H EFF ARC T ARC D 
VOLT KM Kb V/X ~1 B /F2S  B / 8  L B q / S  B / L B  PERC DEG R Z~1 " 

100 240  0 - 3 7  7 * 0  00162  5 5 7 2 .  
2d62  6@60# 46701 40# 1764 1186 2=) 0 , 1 4 6  3 1 9 4  6 8 , 0  2 7 0 4 8  0005  

100 320  0 , 3 7  7 ,  0 0,  162 9 6 7 6 ,  
2527  8 0 8 . 5  53507  361 2453  1271 34 00137  3075  6603 26~351 0007  

100 400  0037  7 o 0 .  00162  105d40 
232#  9 3 1 , 5  6 0 4 . #  333 3 1 7 0  1348 39 00132  4493  6409 266S8 0o08 

75 240  0037 605  00162  57740 
2237  53606 3 6 1 0 4  344  1528 :)40 23 0 , 1 0 7  3 3 6 2  6703  86648  0 , 0 6  

75 320  0 , 3 7  6 , 5  0 , 1 6 2  98690 
19~)2 6 3 7 0 6  4 1 d , 0  307 2126  1012 29 0 , 1 0 2  4061 6 5 , 6  2 6 4 4 0  0007 

75 400  0o37 605 00162 10812 .  
1532 732o~) 4 7 0 0 5  282  2748 1064 33 000:)7 4743  6 4 0 2  2 6 2 8 3  0 , 0 9  

50 2 4 0  0037 6 - 0  0 , 1 6 2  9 0 0 0 ,  
1647 J~)504 25608  275  1248 684 25 0 . 0 7 1  3605  6 4 , 9  2 6 1 7 0  0 . 0 7  

50 J a 0  0 , ~ 7  6 , 0  00162  101#9. 
1475 4 7 1 o #  3 0 6 0 J  246  1738 744 23 0006:~ 4 4 6 0  6 4 , 9  25951 0 , 0 8  

bO 40U O, J7  600  00162 111720 
1359 54305  3 4 5 , 7  226  2247 777 26 0 0 0 6 5  5245  6 3 , 6  25793  0010  

25 240  0 , 3 7  505 0 . 1 6 2  9 9 8 0 .  
1040 2 4 9 , 6  1 6 3 , 3  15~ clcl4 428 14 0 . 0 3 5  4550  6 5 . 4  2 5 1 ~ 2  0 - 0 9  

25 320  0 . 3 7  505 0.162 112760 
~)22 2 9 5 0 0  1 8 8 , 5  168 1232 443 16 0 0 0 3 2  5709 6 3 . 9  2 5 0 1 7  0011 

25 400 0 , 3 7  505 0 , 1 6 2  12376 ,  
551 3 4 0 0 6  2 1 3 , 3  155 1597 454  19 0 , 0 3 0  6 q 6 6  6206  24599  0 , 1 3  

15 240  0 , 3 7  5 , 3  00162  109620 
772  18502 1 2 0 , 5  146 656 307 11 0 , 0 2 1  5564  6 5 o l .  24308  0 , 1 1  

15 3 2 0  0 , 3 7  5 , 3  0 . 1 6 2  12325 ,  
6d9 2 2 0 0 6  1400d 130 ~)5=; 312 14 0 o 0 1 )  7146  6 3 , 8  2 4 1 9 6  0 , 1 3  

15 400  0 , 3 7  5 , 3  0 , 1 6 2  133790 
647 2 5 ~ 0 0  16302 122 1243 31=; 16 0,01=; 8 7 1 6  6300  2 4 1 4 5  0 - 1 5  

See Table 9 for nomenclature 
See Table A-3 for experimental date 
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Figure 45 Comparison of AIRARCTTand N-250 electrode energy losses 

F u r t h e r  v e r i f i c a t i o n  of  ~he s c a l i n g  a c c u r a c y  of  AIRARC was g a i n e d  t h r o u g h  
c o m p a r i s o n s  w i t h  a c t u a l  DET a r c  h e a t e r  d a t a .  The DET h e a t e r  i s  a s c a l e  1 .73  
H u e l s - t y p e  u n i t  w i t h  a 0 . 5 6 2 5  i n .  d iem t h r o a t .  Two s e t s  o f  d a t a  were  a v a i l a b l e  
f o r  p r e s s u r e s  f rom 29 t o  93 a tm and  a r c  c u r r e n t s  f r o m  570 t o  750 A. 
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The f i r s t  s e t  o f  d a t a  was a c q u i r e d  u s i n g  a 3 4  i n .  l o n g  c a t h o d e .  The 
s e c o n d  s e t  u s e d  24,  27 and 30 i n .  l o n g  c a t h o d e s .  T h e r e  w e r e  s i g n i f i c a n t  
d i f f e r e n c e s  i n  t h e  p e r f o r m a n c e  o f  t h e  h e a t e r .  The new s h o r t e r  e l e c t r o d e s  
yielded higher arc voltages and higher enthalpies from improved thermal 
efficiency. Table 12 compares AIgARC I to the higher performance data 
(shorter cathodes). The arc length selected as based on Figures 39 and 40 
where, for an N = 1.73 are heater and a scaled nozzle throat diameter of 
d*/N = 0.324 in., the scaled arc length (L/N = 12 in.) must be increased by 
18% for a good voltage match. This ylelded a 24.5 in. arc length. The 
resultant arc voltage, enthalpy and thermal efficiency are in good agreement 
over the complete test matrix. 

TABLE 12 COMPARISON OF A IRARC 1 A N D  DET ARC HEATER DATA (SHORT CATHODES) 

P I DIAC Ad, CL DIA T BGT 
A ~  AqP 1~ 1t  I~ DEG R 

V Pi .¢ GAS P g 
~/0L'1'$ ~45 e[~ V I !  

~AD G~V QE ,4 ~ EFF ARC T ARC D 
B I F 2 5  B I 5  L B I 5  91LB PERC DEG R I ~  

30 740  1 - 3 0 0  2 4 . 5  0 . 5 6 2  7517 
3431 2539 I 50d  140 867  336  73 
(3900)  

o. o4 2156  0 . 2 5 2  

2d 750 i , 3 0 0  2 4 . 5  0 , 5 6 2  8026  
3253  2 4 4 0  1478 133 842  329 73 
( 3 6 5 0 )  

0.474  3tO~ 61 214~6 0 .262 
(3360) (59) 

29 765 1 . 3 0 0  2 4 . 5  0 , 5 6 2  8 1 2 0  
3265  2513  1542 134 881 335 76 
(3470)  

0.484 3172 61 21473  0 . 2 6 4  
( 3 1 9 0 )  { 59 )  

51 700 1 , 3 0 0  2 4 . 5  0 , 5 6 2  5777 
5290  3703  2187  216  1344 477 93 
( 5 6 1 0 )  

51 715  1 . 3 0 0  2 4 - 5  0 , 5 6 2  6~34  
5312 37~8 2284 217 1377 495 ~7 
(5540)  

52 730 1 . 3 0 0  2 4 , 5  0 . 5 6 2  7008 
5239 3 8 2 5  23~6 214 14o8 5Ol ~ 
(521o)  

64 710 1 , 3 0 0  g 4 , 5  0 , 5 6 2  6622 
6 2 2 5  4 4 2 0  2 6 8 0  254  16~0 573 1o5 
( 6 2 2 0 )  

0 , ~ 3 5  235=~ 59 22087  0.  192 
( 2 5 3 0 )  ( 6 0 )  

0 . 2 6 )  2383 60 2 2 1 0 3  0 , 1 9 3  
( 2 4 8 0 )  ( 5 0 )  

0 , 9 4 5  2473  61 22013  0, 198 
( 2 5 1 0 )  ( 62 )  

1 .211  2246  61 22222  0 . 1 7 8  
( 2 3 6 0 )  (64 )  

76 650 1 , 3 0 0  2 4 , 5  0 , 5 6 2  6154  
7 J 5 9  47~4  29~5  J o o  160~ 621 112 
( 7 3 4 0 )  

1. '4d 3 2014 61 22227  0. 158 
( 2 0 0 0 )  (61 )  

76 675 1 . 3 0 0  2 4 . 5  0 . 5 6 2  6265  
7332  4")49 3 0 6 0  29") 1661 648 115 
( 7 4 9 0 )  

1) 2 625  1 . 3 0 0  2 4 , 5  0 , 5 6 2  56d0 
6 7 0 4  5440 3234  355  2010  672 1 i d  
( 6 4 8 0 )  

I .  523 2062 62 9 2 2 0 5  0. 162 
( 2 1 3 0 )  (63 )  

1 , 5 3 6  1~13 59 2 2 6 5 5  0 - 1 3 5  
(1870) (63) 

See Table 9 for nomenclature 
( ) DET arc heater data I 
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Table 13 compares AZRARC I I ,  the empirical version of AIRARC, with t h e  
DET a r c  h e a t e r  d a t a  u s i n g  t h e  long (34 i n . )  c a t h o d e .  The s c a l e d  a r c  l e n g t h  
was the same as that used with AIRARC I ,  24.5 in. The agreement Is good 
over the full range of the data for arc voltage, enthalpy and thermal 
efficiency. Thus, both versions of AIRARC can be used wlth reasonable 
confidence for scaling air arc heaters to N ffi 1.73. 

TABLE 13 COMPARISON OF AIRARC]I  AND DET ARC HEATER DATA (LONG CATHODE) 

P I DIAC A~CL DIA T BET 
AT~ A~P l ~  I ~  1~ DEG R 

V P I 4  GASP E KAD C~V QE M q EFF ARC T ARC D 
~OLT Kk K~ V I I ~  B /F2S  B / 5  LB~415 B / L B  PE~C DEG R | ~  

50 6d0  l .  J 0  2 4 . 5  0 . 5 6 8  6 3 1 4 .  
4 ~ ) d  339,) 8029 204 1180 406 ~4 0 ° 9 6 7  2 1 3 6  5 9 - 7  2 6 6 7 7  0 . 1 3  

(4770)  (1910)  (55)  

5 ~- 750 | . 3 0  2 4 . 5  0 . 5 6 2  6498.  
4895 3672 2 | 5 7  ~00 1345 422 91 0 . 9 7 5  2245 55 .7  26688 0. 14 

( 4 8 7 0 )  ( 2 1 2 0 )  ( 5 5 )  

77 655  1 . 3 0  2 4 . 5  0 . 5 6 2  5 6 3 5 .  
6590  4317  2657  269 1404 512 100 1 . 5 2 3  1797 6 1 . 6  2 7 3 2 9  0 . 1 0  

( 6 6 6 0 )  ( 1 7 3 0 )  (58 )  

77 705 | . 3 0  2 4 . 5  0 - 5 6 2  5 8 1 3 .  
6394 450@ 2740 261 1527 525 104 1 .503  I272  6 0 . s  272S4 0 .11  

(6500)  ( l e 1 0 )  (57)  

93 5,~0 1 .30  24.5 0 .562  5147.  
773@ 4565  2d94  316  1371 544 ; 0 4  1 . d e 7  1596 6 3 . 4  27675  0 . 0 9  

(8150) (1680) (63) 

~)2 670  1 . 3 0  2 4 . 5  0 . 5 6 2  5 4 2 0 .  
7351 4 9 2 5  3 0 6 6  300  1576 5 7 2 .  ! 1 2  1 . d 5 6  1708 6 2 . 3  2 7 5 9 3  0 . 1 0  

(7720)  (1750)  (60)  

See Table 9 for nomenclature 
( ) DET arc heater data 1 

5.3 HEKRC COMPARZSONS AND SCALING 

The r e s u l t s  o f  t he  a l g o r i t h m  f o r  h e l i u m  a r e  p r e s e n t e d  i n  F i g u r e s  20, 22, 
32, 24, and 46 as  a f u n c t i o n  of  p r e s s u r e  w i t h  c u r r e n t  as  a p a r a m e t e r .  For  
c o m p a r i s o n ,  e x p e r i m e n t a l  r e s u l t s  a r e  a l s o  shown. The p r e d i c t e d  p e r f o r m a n c e  
is also showh in tabular form in Table 15 (see Table 14 for nomenclature). 
The experimental results are tabulated in Table 22. 

The r e s u l t i n g  "matched"  v o l t a g e s  a r e  shown i n  F i g u r e  22. The p r e d i c t e d  
e n t h a l p y  and mass  f l o w  r a t e s  compared t o  e x p e r i m e n t  a r e  shown i n  F i g u r e s  20 
and 36. Note  t h a t  where  t h e  c a l c u l a t e d  e n t h a l p y  d e v i a t e s  s l i g h t l y  (3g) f rom 
e x p e r i m e n t ,  such  a s  a t  t h e  100 arm 400 A p o i n t ,  t h e  c a l c u l a t e d  f l o w  r a t e  a l s o  
d e v i a t e s  s l i g h t l y  (7g ) .  I f  t he  c a l c u l a t e d  gas  power i s  d i v i d e d  by t h e  
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experimental flow rate, the resulting enthalpy is closer to the experimental 
value. This possibly indicates that the effective nozzle throat diameter in 
the experiment was slightly less than 0.162 in., the value used by the 
algorithm sonic flow equation for determining mass flow rates. 
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. K : t  

v 

m 
, 4 . -  

t;: 
- a  
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0.05 

N-250-0.162 
Arc current (A) 

O 240 
r~ 320 
A 400 

HEARC 

I I 

0.02' 

I I I 
25 50 75 100 

Arc pressure (atm) 

Figure 46 Comparison of  measured and HEARC predicted mass f low rates 

The rear electrode power loss is shown in Figure 23. These were 
essentially "matched" to experiment by adJvsting the constant in Equation (38) 
and by varying the rear arc length. 

The front electrode losses are shown in Figure 24. Note that the total 
power loss of the front plus rear electrode is in better agreement with 
experiment than either one separately. This indicates compensating errors in 
predictions for front and rear electrodes and perhaps also the difficulty in 
determining the fraction of the total arc length within each electrode. 

The calculated efficlencles, Table 15, are in good agreement with 
experimental values. 

The seml-emplrlcal scaling code HEARC, having been correlated with 
the N-250 experimental data, has been used to predict the performance of 
larger scale heaters. 
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TABLE 14 HEARC AND HYARC OUTPUT NOMENCLATURE 

AEDC-TR-76-25 

Parameter Definition 

P 
ATM 

AMPS 

DCONS 
IN 

DTHRT 
IN 

LCONS 
IN 

ARCL 
IN 

FRNT 
IN 

REAR 
IN 

TSTAG 
DEGK 

QREAR 

QFRNT 

QNOZ 

VOLTS 

PI.N 
KW 

GASp 
KW 

GRAD 
V/IN 

QRAD 
BTU/FT2S 

QCONV 

WDOT 
LB/S 

ENTH 
B/LB 

EFF 
PERC 

TARC 
DEGK 

DARC 
IN 

Arc pressure (atm) 

Arc current (A) 

Constrictor diam (in.) 

Nozzle throat diam (,n.) 

Front constrictor length (in.) 

Total arc length (in.) 

Arc length in front electrode (in.) 

Arc length in rear electrode (in.) 

Stagnation temperature (K) 

Power loss to rear electrode (Btu/s) 

Power loss to front electrode (Btu/s) 

Power loss to nozzle (Btu/s) 

Arc voltage (V) 

Elect.rical power input to arc (kW) 

Power added, to gas (kW) 

Arc column vo!tage gradient (V/in.) 

Radiative heat f lux to constrictor wall (Btu/ft2s) 

Convec.tive heat f lux to constrictor wall (Btu/ft2s) 

Mass flow rate (Ib/s) 

Stagnation entha, lpy (Btu/Ib| 

Efficiency (%) 

Arc column temperature (K) 
tR 

Arc column diam (in.) 
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TABLE 15 PREDICTED N-250 PERFORMANCE BY HEARC 

HELIUM ARC HEATER: SCALE N = 0.5 

~*tE5 ~RP5 DCJ~S D~4~T LCO~5 ARCL r d ~ r  dEAR TSTAG QREAR QFR~T ~ O Z  
A14 I¢ l~ I¢ I~ I~ 1~ DE6 < .... ~TU/SEC ...... 

~OL'I'5 P l ~  GRbP GdAD QH&D QC04V %DOZ E~T4 EFF T & R C  DRRC 
K~ K% ~ 1 I ~  BTUIFT~e2-5  L B ~ / 5  B I L B  PERC DEG ~ 1~ 

25 240 . J 7 5  o162 5 . 0  4 , 5  2 . 3  2 , 2  338 )  13 47 18 
#6d 232 147 217 781 509 , 0 2 0  7566 63 16512 . 1 1 3  

25 320 . 3 7 5  . 1 6 2  5 . 0  4 . 5  2 . 3  2 . 2  4029 19 %3 21 
646 270 165 i@0 1113 925 *019 5 ) 9 5  60 16418 . 1 4 3  

25 4 0 0  . 3 7 5  . 1 6 2  5 . 0  4 . 5  8 . 3  2 . 2  4717 26 68 24 
766 306 17# 172 14d3 1013 *017 10530 58 16352 . 1 6 9  

50 240 . J 7 5  . 1 6 2  5 . 0  4 . 7  2 . 0  2 . 7  2518 34 77 24 
16@5 406 262 35# 1565 1259 . 0 4 4  62#3 64 17012 .05~  

bO 320 . 3 7 5  . 1 6 2  5 . 0  4 . 7  2 , 0  2 . 7  3279 4 )  @7 2~ 
14#2 477 292 316 2273 144@ . 0 4 2  1320 61 16925 . 1 1 0  

50 400 . 3 7 5  .162  5 . 0  4 . 7  2 . 0  2 - 7  3746 64 115 32 
1351 540 315 256 2#52 1624 .03@ 5362 55 16787 . 1 3 3  

75 240 . 3 7 5  . 1 6 2  5 . 0  5 . 0  2 . 1  2 . #  25#2 51 103 30 
2376 570 375 477 2152 1632 . 0 7 0  579d 65 17250 . 0 7 7  

15 320 - 3 7 5  . 1 6 2  5 . 0  5 . 0  2 .1  2 . 9  3044 66 126 35 
2059 6~8 417 413 27## 1#38 . 0 6 5  67#5 63 17012 . 1 0 0  

75 400 . 3 7 5  . 1 6 2  5 . 0  5 . 0  2 .1  2 . 9  3417 ~1 153 3# 
1868 747 447 375 3557 2145 .061 76~ 59 17012 .11~  

100 240 . 3 7 5  , 1 6 2  5 . 0  5 . 2  2 . 2  3 . 0  2 4 1 7  70 130 34 
3014 723 475 574 2532 |@23 . 0 ~ 5  5 3 ) 5  65 17750 . 0 6 5  

100 380 , J 7 5  . i 6 2  5 . 0  5 . 2  2 . 2  3 - 0  2916 #2 161 40 
2635 843 532 502 3745 2291 " .0@0 6298 63 17437 -0~6  

100 400 . 3 7 3  . 1 6 2  5 . 0  5 . 2  2 , 2  3 . 0  3195 117 1#2 44 
2371 #45 574 45~ 4725 8600 . 0 d 4  7134 60 17262 - 1 0 5  

See Table 14 for nomenclature 
See Table A-2 for experimental data 

Results for scale N = i and N = 1.73 heaters corresponding to constrictor 
diameters of 0.75 and 1.3 in., are shown in Tables 16 and 17. Arc lengths, 
front and rear, were scaled from those of the N-250, (N = 0.5) heater as: 

M 

• L = 10.  ) L 250 • (46) 

The front constrictor lengths were i0 and 17.3 in. for N = 1 and 1.73 
respectively. Nozzle diameters were 0.324 and 0.562 in. which were scaled as: 
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d, : ~0~)d,N250 . (47) 

Arc currents were scaled up approximately as: 

I =I0~5>IN250 . (48) 

Nozzle losses were evaluated from the expression shown in Figure 25. 

TABLE 16 SCALED HEL IUM ARC HEATER PERFORMANCE (N - 1.0) 

rlYJ.ldel ArlC clEATEd: SCAt.E ~1"1 

PJtE5 N4P5 DCO~IS Dr- l r tT LCO~I5 ArlCL, FRQT ~tEAR TSTAG gRr-AR QFR~IT Q~O~ 

JOl. ~S #1 ~ GA$~ G~AD Q/tAD QC0dV kD01" Ed r-[ ~FF TARC DARC 
4w Kv V / | g  8 T U / F T e e S - S  L.BqIS B/L.B PERC DEG 4 1~ 

25 4 0 0  , 7 5 0  , 3 2 4  1 0 . 0  80~ 4 . 5  4 . 4  249~ 37 128 35 
1767 706  49J  l ) d  524 546 . 0 ~ 5  5550 69 16125 - 1 6 6  

25 600  , 7 5 0  . J 2 4  1 0 . 0  
1436 861 567 161 561 

~ - ~  4 . 5  4 . 4  3154  61 178 
654 , 0 5 4  7043  65 16000 , 2 3 1  

44 

25  4 0 0  - 7 5 0  - 3 2 4  1 0 , 0  4 , 9  4 , 5  4 0 4  3530 70 197 
122J ~74 540  137 957 761 . 0 7 7  ~550  65 15937 0293 

52 

50 4 0 0  0750  , 3 2 4  10o0 9 , 4  4 o l  5 . 4  2103 106 213 
3 1 6 0  1264 575  335 1217 5 0 )  - 2 0 6  46~6  69 16712 , 1 8 5  

47 

50 600  , 7 5 0  - 3 2 4  1 0 , 0  904  401 5 . 4  2648 149 853 
~57#  1541 1026 273 1705 1037 0186  5#13 66 15268 , 1 5 7  

60 

50 ~00 - 7 5 0  0324 1000 # . 4  4 . 1  5 . 4  3215 1~6 340 
2 a 2 2  l ? ? d  1147 235  2117  121# , 1 6 7  11~4 54 16000 0250 

?1 

75 4 0 0  , 7 5 0  o384  1 0 , 0  1000 402 5 . J  1#50 154 ?S0 
4423  176# 1845 444  162# 1036 0321 4 3 5 4  70 17012 * ! 0 5  

57 

75 600  - ? 5 0  0324  10o0 1 0 - 0  4 , 2  505 2358 265  402 
J 6 7 3  2203  1424 365 2 ? ) 0  1301 . 8 # 5  5252 64 1 6 ~ 7  , 1 5 0  

70 

75 dUO . 7 5 0  o324 10o0 1000 4 , 2  5 , 4  27~7 346 500  
3218  256# 15~7 J22 J64# 1546 o271 6881 61 16550 . 1 9 1  

53 

100 4 0 0  , 7 5 0  - 3 2 4  10o0 1 0 , 5  404  6 . 1  1405 288 364  
5681 2272  1578 541 2305  1201 . 4 4 4  403?  69 17560 , 0 9 0  

~4 

100 600 - 7 5 0  . J 2 4  1 0 . 0  1005 404  6 . 1  8262 305  454  
4624  2 7 7 4  1454 440 3050  1595 o401 5049 66 17012 o l 3 9  

~2 

| 0 0  d 0 0  , 7 5 0  0324 1 0 , 0  1 0 , 5  4 , 4  6 , 1  25#2  460  634 
4047  J 2 7 0  8014  J5# 4646  1~20 . 3 7 3  575~ 61 17012 , ! 7 1  

94 

See Table 14 for nomen©lature 
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TABLE 17 SCALED HELIUM ARC HEATER PERFORMANCE (N = 1.731 

dEL, IO~ A~G ~EA~E~S SCALE ~ - 1 . 7 3  

PHES A~PS DCOq~ DT4RT LCOq5 A~C~ FH¢T ~EAR TST~G QREAR QFHCT QqOZ 

VOL, TS P I ~  GASP G~AD ~HAD QCO~V WD0~ EqT4 EFF TARC DARC 
K~ K~ d / l q  B T U / F T e ' 2 - 5  L B q / 5  B / L g  PERC DF~G < 1~ 

25 6#2 1 ,300  , 5 6 2  17,3  15 ,4  7 , q  7 * 6  2127 . 39 2 ) 6  
2614 1~09 1336 169 411 416 , 3 | 0  474~ 73 15#75 , 2 4 4  

63 

25 1035 1 , 3 0 0  , 5 6 2  17 ,3  15 ,4  7 , ~  7 , 6  2655 144 400 
2121 2202 1543 137 66# 513 ,275  5#27 70 15112 , 3 4 3  

79 

2 5  1 3 8 4  1 . 3 0 0  . 5 6 2  1 7 , 3  1 5 . 4  7 . 5  7 . 6  3 1 4 4  2 0 7  5 0 2  
1 8 5 0  2 5 6 1  1 7 1 3  I I ~  #65  5 8 7  . 2 5 5  7 0 2 7  66  1 5 7 3 7  - 4 3 1  

#3 

50 692 1 , 3 0 0  , 5 6 2  17 ,3  16 ,3  7 , 0  # , 3  1~0# 233 5~0 
4805 33~b 2375 2#3 1113 60~ ,665  403~ 71 16337 , I 1 1  

"35 

b0 103~ 1 ,300  , 5 6 2  17 ,3  16 ,3  7 , 0  ) ° 3  2302 304 625 
3756 38#~ ~800 221 1154 ~05 , 5 1 4  b131 71 15125 ,2'13 

I I I  

~0 13~4 1 .300  , 5 6 2  17 ,3  16 ,3  7 , 0  ~ ,3  26)7  435 7q5 
J271 45J# 3113 200 1650 #21 ,551  6022 6 ]  15~37 , 3 7 0  

129 

75 6#2 1 ,300  , 5 6 2  17 ,3  17 ,3  7 , 2  10,1  1637 510 731 
683# 4733 3316 3#6 1755 746 1 ,053  3654 70 16#75 , 1 5 2  

100 

75 1035 1 ,300  , 5 6 2  17 ,3  17 ,3  7 , 2  10,1 203# 705 ##3 
5623 5837 3#07 325 2471 ) # 5  , 9 5 4  4553 66 16317 , 2 3 6  

130 

75 1384 1 , 3 0 0  , 5 6 2  17 ,3  17 ,3  7 , 2  10,1 2417 8 ~ )  1221 
45#3 6773 4J74 253 3113 1210 , 8 7 7  53#7 64 16100 , 3 1 7  

1~4 

100  6 9 2  1 . 3 0 0  . ~ 6 2  1 7 . 3  1 ~ . 2  7 . 7  1 0 . 5  1571  603 47S  
8632 b#73 4287 474 2025 ~#1 1 .423  3526 71 17100 ,141 

i ! 6  

100 1038 1 . 3 0 0  . ~ 6 2  17.3  18 .2  7 . 7  10 .5  I~d6  1006 12)7 
722b 7500 4#16 3#7 337# 1143 1 . 3 1 6  4211 65 17000 . I ) 4  

145 

I 0 0  I J ~ 4  1 , 3 0 0  , 5 6 2  17 ,3  l d , 2  7 , 7  1 0 . 5  2211  1315 1641 
6362 ddO5 5503 J4# 4420 13~1 1 ,223  4#36 52 16625 .261  

172 

See Table 14 for nomenclature 
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5.4 HYARC COMPARISONS AND SCALING 

The  results o f  the algorithm for hydrogen are presented in Figures 5, 
12 and 13 and in tabular form in Table 18 as a function of pressure with 
current as a parameter. For comparison the experimental results are shown 
in Table A-I. 

TABLE 18 PREDICTED N-250 PERFORMANCE BY HYARC 

HYDROGEN ARC HEATER: SCALE N = 0.5 

FrtES At+ +`; ~ o g S  Dit+<t  t .C0~S A~tCL. F~t~r rLEArt TSTAG 
AEM IN IN IN IN IN IN DEG K 

vJL.I 'S PI  ~1 GAsP G~AD ~ A D  ~ C 0 ~  VDO r E ~ [ 4  EFF 
4v, elk, V / I ~  8 1 J / e ' l e ' t ~ - S  L.B4/$  B / b B  PERC 

~EA.~  QFR4 r Q~I0& 
. . . .  BTU/SEC . . . . . .  

~ARO D~IC 
DEG 4 1 ~1 

10 8 4 0  . 3 7 5  
~5~  8 J 0  14d 

10 3 2 0  . 3 7 5  
d 0 4  2 5 7  160 

10 4 0 0  . 3 7 5  
738 ~ 2  i d J  

15 8 4 0  . 3 7 ~  
1J5~ 3 2 6  215 

1~ 320 . 3 7 ~  
1 0 ¢ 3  337 209 

1~ 400 . 3 7 5  
d76 350 dO6 

2 0  240 . 3 7 5  
1=33  365  ~ 3 5  

2 0  3 2 0  . 3 7 5  
12d8 4 1 0  2bJ 

20 4 0 0  . 3 7 5  
1 1 J 1  452 ~70 

25 240 , J T b  
2034 4dd J 2 1  

2 5  3 2 o  . 3 7 ~  
1574 503 314 

~ b  400 , 3 7 5  
I J 5 8  ~40 3 ~ 4  

bO 24U .JTb 
404~ 971  596 

bO 2 ~ 0  .375 
J ~ 3  1053 631 

50 400 . J 7 5  
2 8 1 5  l l J 6  647 

• 162 5 , 0  6 , 2  3 , 6  2 , 6  
154 600 609 , 0 0 4  353## 

• 162 5 , 0  5 , 4  3 , 4  2 , 0  
14~ 925 667 0004 35~29 

• 162 5 . 0  4 , 5  3 , 2  1 .6  
151 1155 760 , 0 0 4  42844 

! 

• 168 5 , 0  6 , 7  3 , )  2 , 5  
201 7dO d85 , 0 0 7  31446  

• 162 ~ , 0  ~ , 5  3 . 7  2 . 1  
i~1 1230 d 2 b  , 0 0 6  J6636  

, 1 6 2  5 , 0  5 . 2  3 , 5  1 . 7  
165 171~ d 3 5 ~  .OOb 424~1 

• 162 5 , 0  7 , 3  4 , 3  3 , 0  
211 ~J7 5~# , 0 0 7  33633 

• 16~ 5 , 0  6 , 2  4 , 0  2 , 2  
205 1447 96~  , 0 0 7  36136 

• 162 5 . 0  5 . 6  3 . d  1 .7  
2 0 3  8 0 7 1  1040 . 0 0 7  3d457 

0162 5 , 0  7 , d  4 . 6  3 o l  
~61 115d 1145 . 0 1 1  30545  

• 162 5 , 0  6 , 7  4 . 4  2 . 3  
"236 1 7 3 2  1147  . 00#  34525 

• 162 ~ . 0  5 . ~  4 . 1  1,5  
2~7  2355 1201 .00~  J7524  

• 162 ~ , 0  1 0 , 4  6 , 4  4 , 0  
3 9 0  2010 1~17 o021 2~ )71  

• 162 8 , 0  5 , 5  6 , 0  ~ ,~  
J 7 3  2 d 3 6  2 0 2 1  . 0 2 1  3 0 5 6 )  

• 162 5 . 0  7 , d  5 . 7  2 , 1  
360 3~31 2 i 0 0  .091  3 i 3 1 3  

3553 12 42 21 
64 11562 , 1 3 0  

3655 15 52 23 
62 11675 , 2 0 6  

3 7 5 5  15 61 26  
62 11637 ,22~  

3472 17 55 27 
66 11562 , 1 6 8  

3635 21 70 2~ 
62 1 1 6 2 5  . 1 # 5  

3~0~ 23 ~3 2# 
53 1166R , ~ 2 4  

3564 24 71 30 
63 11475 , 1 6 5  

J 6 5 6  26 3~ 32 
61 11562 o190 

373 )  2 )  107 35 
5)  1 1 6 6 2  , 2 0 4  

3473 2 )  90 37 
65 11550 ,14~  

3625 32  10~ 3S 
62 11562 , I q 0  

3741 35 130 40 
59 11625 , 8 0 8  

3 4 3 3  65 230 5~ 
61 11600 , 1 2 7  

3 5 6 5  65  271  63  
5# 1 1 5 1 2  , 1 4 ~  

3 5 # 9  67 321 65 
57 116d? , 1 6 6  

See Tabla 14 for nomenclature 
Sea Tabla A-1 for axpermmental data 
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These results utilized the experimentally measured flow rates as input 
to the algorithm with nozzle sonic flow calculation of mass flow rate by-passed. 
When sonic flow is not bypassed the code over-predicts the mass flow rates. 
This is most likely caused by the fact that the experimental nozzle throat 
diameter late in the tests was not effectively ~.162 in. due to clogglng. As 
can be seen from Figures 6 to 8, the experimental sonic flow enthalpy 
disagreement (with the energy balance value) increases as the running time 
increases, indicating a changing throat size. This was also seen in the 
computed results with mass flow calculations." The disagreement was greater 
for those experimental cases where the run time was longer, i.e., when a run 
consisted of the sequence 240, 320 and 400 A. The predictions for enthalpy 
for the I0 arm point are not in good agreement due to the short arc conditions 
described in Section 4.1. 

The calculated efflclencies are in reasonable agreement with experiment 
indicating that for proper voltage (power) predictions, the power to the gas 
has been predicted adequately. The seml-emplrlcal scaling code HYARC was 
used to predict the performance of scale N ffi 1 and N ffi 1.73 heaters. 
Constrictor lengths utilized were 24 and 36 in., respectively. Nozzle 
diameters and currents were scaled in the same manner as for helium. The 
nozzle loss expression was that shown in Table 8. The front and rear arc 
lengths were: 

L R = 6 D c , ( 4 9 )  

Lf ffi 14.36 N1.2 pg. 391 i-0.2 _ LR . (50) 

This particular form for ~ corresponds to the rear arc terminus at a spin 
coil location placed six constrictor diameters behind the inlet housing. 
The front arc length corresponds to a total arc length correlated with data 
for a preliminary version of HYARC. These arc lengths scale directly. Sonic 
flow was used in these predictions to obtain the mass flow rate since no 
experimental values were available. 

The scaled results are shown in Tables 19 and 20. Figures 47 and 48 show 
the power supply requirements for these predictions along with the character- 
istics of the MDRL power supply. 
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TABLE 19 SCALED HYDROGEN ARC HEATER PERFORMANCE (N " 1.0) 

rifDHOGE~I ArlC 4EA'IEH: 5CN.E ~ ' 1 ;  D e = 0 . 3 2 4  1 4 . !  LCOQS=24 l q .  

PRIES &.4~5 DGO~5 D~4~I LCO~5 ASCL. Fri~il HEAI~ TSTAG QRE~8 QFRqT QqOZ 
Ai'~ |~1 l q  1~i 1~1 I q  [~I DEG 4 . . . .  BT'J/SEC . . . . . .  

vOL l'b ~I ~ GA:~ G~RD ~aRD QCO~V bDO r E4Tt  EFF TAfiC DR~IC 
K~ Kw ~11~ 3 1 J t F [ * e 2 - 5  LB415 BIl~9 PE.~C DEO < ! ~  

20 400 . ~ 5 0  . 3 2 4  ~ 4 . 0  15 .3  10.~ 4 . 5  2472 71 4#5 
446d 17d7 I 1 0 ~  ~J2 371 585 . 0 7 0  16672 61 11675 . 1 7 6  

7~ 

25 600 . 7 5 0  . 3 8 4  2 4 . 0  14.1 ~ . 6  4 . 5  2503 110 60 )  
3 ~ J  8114 1 ~  800 14#5 956 . 0 6 6  1 ) ) 0 0  5J 11537 .241  

) 4  

2~ ~00  . 7 0 0  . 3 ~ 4  2 4 . 0  13-3 3 . 4  4 . 5  3040 155 722 
JOJ5 8420 13d l  887 2116 1064 . 0 6 2  28~20 57 11500 . 2 3 4  

106 

50 400 . 7 5 0  . 3 2 4  2 4 . 0  2 0 . 0  1 5 . 5  4 . 5  253# 116 ~70 
8755 3502 2203 437 155J 1445 . 1 3 6  17170 63 11662 . 1 5 2  

13~ 

50 600 . 7 5 0  . 3 2 4  2 4 . 0  1 5 . 4  1 3 . )  4 . 5  2541 IJO 1242 
6 ~ ! 4  414d 2467 374 25~5 1660 . 1 2 5  20012 5~ 11557 . 2 0 5  

160 

bO 800 . 7 5 0  . 3 2 4  2 4 . 0  17 .4  12 .~  4 . 5  3071 271 14 )4  
5~10 4728 2877 33 )  36~4 1~23 . 1 2 2  22625 56 11550 .251  

178 

75 400 . 7 5 0  . 3 2 4  2 4 . 0  2 3 . 4  1 5 . )  4 . 5  2511 1~7 i 5 7 2  
13316 5J26 J~72  565 2541 1#~7 . 2 0 6  16572 61 11847 . 1 3 0  

75 600 . 7 0 0  . 3 2 4  2 4 ° 0  2 1 . 6  17.1  4 . 5  2 ~ 4  250 I467  
10J60 6~16 J 7 4 6  47# 334~ 2J31 . ! # 2  2024~ 60 11575 . 1 5 5  

283 

75 800 . 7 5 0  . 3 2 4  2 4 . 0  2 0 ° 4  15 .3  4 . 5  3111 357 2266 ~46 
~ d J i  7064 4036 438 4~55 2553 . 1 ~ 3  22720  57 11537 . 8 3 0  

100 40U . 7 5 0  , 3 2 4  2 4 . 0  2 6 . 2  2 1 . 7  4 . 5  2567 210 2020 239 
17~24 700 )  4403 66d 2455 2557 . 2 6 3  1 7 2 ) )  62 11757 . 1 2 5  

100 600 .TbU . 3 2 4  2 4 . 0  2 4 . 2  13 .7  4 . 5  2322 305 2504 
136d0 ~ 0 , 4  4~)46 b6b 41#3 2,)37 .201  20451 60 11575 . 1 7 6  

27~ 

100 500 . 7 5 0  . J 2 4  2 4 . 0  2 2 . 3  1~.3  4 . 5  3163 437 3034 
116J3 #306 5J15 504 5943 3136 .234  22#44  57 11525 . '213 

307 

see Table 14 for nomenclature 
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TABLE 20 SCALED HYDROGEN ARC HEATER PERFORMANCE (N = 1.73) 

dtDr~OUE~l ArtC .SKAIEtI '  5CN.,E ~ l = i . ? J ;  D " = 0 . 5 6 2 5  I ~ l , ;  L, C0~i5=36 I~1. 

~HE5 ~-4~5 DCJ~'~ Dr4t~t  L, C0¢5 ~tCL, Frl~lr ~lEAlt [SI~LG ~iiEo,.~! ~F~QT ~IOZ 
A IR  | 4  l d  1~1 IQ l~J Z~I DEG ~ . . . .  R T , J l S E ~ C  . . . . . .  

~ I ¢  GA~V G~AD ~ A D  JCO~q vDOl  ~¢T.4 EFF [ A ~  DARC 
K t  Kb V / I ~  D I U / F i e e 2 - $  L D ~ / $  B /LB  P[HC DEG < I ~  

~b 6~2 1 . 3 0 0  , ~ 6 ~  J 6 . 0 .  2 6 . 4  1 ~ . 6  7 . d  2243 166 1074 
6582  4 6 5 b  3067 248 7~1 663 . 2 2 4  14~01 67 11225 .2 '30 

1~9 

25 1038 1 . 3 0 0  , ~ 6 2  3 6 . 0  2 4 . 4  1 6 . 6  7, '3 25~4  276  1370 
5 1 8 0  5376  3431 212  1249 766 . 2 1 0  1731,) 63 11162 , 3 7 5  

I ) 6  

25  13d4 1 - 3 0 0  . 5 6 2  3 6 . 0  2 3 . 0  1 5 . 2  7 . 5  27~5 3 5 )  1632 
4423  6 1 2 2  3 7 5 4  192 1761 ~53  . I ) 9  I ) 7 2 5  fil I [ I I ~  . 4 6 5  

221 

50 692  1 - 3 0 0  . 5 6 2  3 6 . 0  3 4 . 7  2 6 . )  7 . 5  2321 ?72  2145  
1 3 0 5 0  ~031 616~  376  1232 11~0 , 4 3 0  1 5 3 ) 6  6~ 11212 , 2 4 3  

2")7 

50 103d l , J 0 0  . 5 6 2  3 6 . 0  3 2 . 0  2 4 . 2  7 . 4  2613  455  27 , ) ]  
10264  106~4  6 8 6 0  320  2 0 5 6  135~ . 4 0 6  17~31 64 11150 . 3 2 )  

343 

30 1384 1 . 3 0 0  - $ 6 2  3 6 . 0  3 0 , 2  2 2 . 4  7 , 4  ? 5 5 0  645 3342  352 
d738  | 2 0 ~ J  7441 289 2 )  17 149~ 03~5  2 0 1 0 4  61 I 1 1 0 0  , 4 0 6  

7~ 692  1 . 3 0 0  , 5 6 2  3 6 . 0  4 0 . 6  3 2 . d  7 . ]  236~ 355  3215 4 1 )  
1966~ 13611 ) 3 9 7  4~J 1605 1654 . 6 3 )  15744 6 )  111~7 , 2 R 4  

75 i 0 3 d  i , 3 0 0  , b 6 2  3 6 , 0  3 7 , 5  2 ) . ?  7 , 5  2664 5,)3 4226  
ISS04  16093 104~d 413 264~  ! , )27  . 6 0 6  I d 2 1 5  65 11125 , 3 0 3  

4~J4 

75 I J d 4  1 , 3 0 0  , 5 6 2  3 6 , 0  3 5 , 4  2 T . 6  7 , 4  2 d ) 5  853  5175  
1 3 1 7 6  18235  11312  372 3 8 5 5  2 1 1 4  . 5 7 7  2 0 3 5 5  62 11087 . 3 7 3  

534 

100 692 1 - 3 0 0  , 5 6 2  3 6 . 0  4 5 . 5  3 7 . 7  7 , 5  2423 434 426~ 533 
2 6 1 8 0  I d l 1 6  12592  575  I ~ 6 2  2 1 2 6  , 5 3 2  16145  6~ I I 1 7 5  0212 

100 1034 i , 3 0 0  , 5 6 2  3 6 - 0  4 1 , )  3 4 , 1  7 . d  2 7 2 0  724 5675  
2 0 5 5 0  2 1 3 3 0  13932 4~0 3 2 ) 0  2437 , 7 8 7  1457,) 65  11112 . 2 5 7  

60,) 

100 13d4  ! , 3 0 0  , 5 6 2  3 6 - 0  3 ` ) , 6  3 1 , 8  7 , 4  2~56  103"3 6 , )56 
1 7 4 4 5  2 4 1 4 4  15001 440  46.J i  266~i ,74 , )  2 0 7 7 5  62 11062 . 3 5 5  

672  

See Table 14 for nomenclature 
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Figure 47 HYARC predicted Huels-tyl~e arc heater characteristics 50 atm pressure 
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Figure 48 HYARC predicted Huels-type arc heater characteristics; 100 atm pressure 
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6. CONCLUDING REMARKS 

Th~s work has shown t h a t  s i g n i f i c a n t l y  h i g h e r  gas  s t a ~ a t i o n  e n t h a l p i e s  
can be a c h i e v e d  w i t h  a H u e l s - t y p e  a r c  h e a t e r  o p e r a t i n g  on hydrogen  and he l ium 
t h a n  a r e  p o s s i b l e  u s i n g  a i r .  S p e c i f i c a l l y ,  hydrogen  e n ~ h a l p i e s  of  f i v e  t o  
seven  t imes  t hose  on a i r  can be ach ieved  a t  p r e s s u r e s  t o  50 arm, and he l ium 
e n t h a l p i e s  41~ to  69~ h i g h e r  than  a i r  can be a c h i e v e d  ~t p r e s s u r e s  t o  100 arm. 
This  h e l p s  v e r i f y  the  o r i g i n a l  h y p o t h e s i s  t h a t  the  AEDC DET can a c h i e v e  h i g h e r  
d u s t - p a r t i c l e  v e l o c i t i e s  d s i h g  thhse  s a s e s  as  a c c e l e r a t o r s .  

A s t a n d a r d  H u e l s - t y p e  a r c  h e a t e r  can be o p e r a t e d  on pure  hydrogen  a t  
p r e s s u r e s  t o  50 arm and e n t h a l p i e s  t o  40,000 B t u / l b  w i t h o u t  major  r e d e s i g n .  
S i g n i f i c a n t  i n s t r u m e n t a t i o n  and s t a b i l i t y  problems had to  be s o l v e d  b e f o r e  
a c h i e v i n g  a c c u r a t e  d a t a  ove r  a wide r ange  of  a r c  p r e s s u r e s  and a rc  c u r r e n t s ,  
bu t  no a r c  h e a t e r  m o d i f i c d t i ~ n b  a r e  n e c e s s a r y  o t h e r  t han  gas i n j e c t o r  s i z i n g ,  
s p i n  c o i l  i n s u l a t i o n ,  and p r o p e r  n o z z l e  d e s i g n .  Hydrogen pe r fo rmance  d a t a  
a re  no t  h i g h l y  r e p e a t a b l e .  The a r c - J e t  appea r s  more s t a b l e  on hydrogen  than  
the  a r c  c u r r e n t  and v o l t d g e  f l d ~ t u a t i o n s  i n d i c a t e .  

A standard Huels-~yp." e ~rc ~ater can be operated ok pure helium at 
0 ~. . 

vressures to 100 arm ahd e~tHal~les to 9700 Btu/ib without major redesign. 
The arc is quite stable ~nd the dat~ are repeatable. 

Electrode eroslon and Chd~ test §tre~ cbntsminatlon are a problem on 
hydrogen at low pressures wherd t~@ arc is hot properly stabillzed in the 
cathode (front electrode). Howe#e~, ~dro~n, hellum and alr all exhibit less 
than O. 4Z test stre~ conta~Inatibn at pr~sddres above 25 arm. Anode erosion 
is severe on air at pressures abov@ 75 arm. Electrode erosion on hellum is 
negligible in the anode ahd ~i~or id the ~at~ode over a wide test range. 

A computer code based bn a #od-a~ +,~el wlth radlatlon losses and 
convective turbulen~ heatlng of the ~as ~:k~ ,bk used t o  characterize high 
pressure-hlgh mass flow rate a£c I~a~r~. The performahc~ of an N =~0.5 
Huels-type arc heater can be p~edlct~d fbr hydrogen, hellum or air. 

The performance of a~r arc hdater~ to ~c-'~e N = 4 including the AEDC 
DET (N 1.73) heater can b@ ..... = accurately ~a~cte~ized by thls code thus 
verifying its scaling credlbillty, -~' glvln~ confidence t o  the scaled 
predictions for hydrogen and H@llu~. 
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APPENDIX A: DATA SUMMARY AND COMPUTER CODES 

A-I DATA SUMMARY 

Tables A-l, A-2, and A-3 summarize the hydrogen, helium and air arc heater 
data from'thls test program. The data shown were extracted from the printed 
data sheet output of the RDAS. Each point represents a stable condition in 
near equilibrium. A cdmplete volume of the printed data sheets was furnished 
to USAF-AEDC under separate cover. 

The column shown in Tables A-I through A-3 are as follows. 

S_~mbol Parameter Units 

I Arc current A 
P Arc pressure arm 
o 

V Arc voltage V 
Gas flow rate Ib/s 

QA Anode energy loss Btu/s 

QC Cathode-body energy loss Etu/s 

QN Nozzle energy loss Btu/s 

Energy balance enthalpy Btu/ib 

hsf Sonic flow enthalpy Btu/ib 

Note that the sonic flow enthalpy is not tabulated for hydrogen since it was 
consistently in error because of nozzle throat-area reduction (see Section 4.1) 

In addition to the data given in Tables A-I through A-3, the printed 
data sheets included the arc power, thermal efficiency, flowmeter pressure, 
injector pressure, injector pressure ratio, differential coolant temperatures 
and coolant flow rates on the anode, cathode-body, and nozzle. The data 
reduction program assigned a value of I'F to the differential temperatures 
prior to and following the tes~. Thus, since the specific heat of water is 
unity, the tabdlated energy losses, pre- and post-test, were numerically the 
water flow rates in units of ib/s. 
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TABLE A-1 N-250 HYDROGEN DATA 

Tezt ][ Po V ~ i[1A OC DN hb 

37 237 10.4 876 0.0042 1 i.1 54.3 14.3 29308 
296 10.0 741 0.0041 10.7 56.3 17.3 32175 
400 10.1 633 0.0043 14.7 67.6 17.2 34410 

38 236 10.5 1004 0.0048 10.0 61.1 14.4 31151 
298 9.8 796 0.0044 12.0 59.9 15.7 33312 
400 10.0 549 0.0040 15.9 57.8 15.2 31706 

59 240 15.5 1309 0.0068 19.7 55,1 24.3 31107 
245 15.9 1300 0.0068 18.5 55,6 25.1 31646 
314 15.2 992 0.0057 19.3 67.4 24.3 34180 
323 15.4 970 0.0057 18.8 67,6 24.4 34257 
398 15.2 757 0.0048 19.6 76.6 22,4 36052 

60 241 15.1 1419 0.0065 20.1 61.8 22.3 35538 
242 15.1 1389 0.0065 19.4 62.6 23.3 34525 
311 14,5 1109 0.0052 21.8 78,3 23.0 38656 
392 15.0 939 0.0052 24.5 95,3 23,7 41574 

56 240 25.0 1984 0.0106 32.1 96.2 34.3 29005 
313 24.1 1616 0.0091 32,5 116.3 33.9 34413 
395 24.9 1421 0,0086 36.0 149.2 37,7 38050 

57 233 25.2 2124 0.0103 35.7 81.0 34.6 32647 
310 24.8 1727 0,0093 34,2 111.7 39.8 36206 
393 22.6 1229 0.0073 32,7 128.4 34.0 37561 

64 303 49.3 3442 0.0194 74.9 266.0 54.4 32363 

74 304 49.8 3578 0.0208 75.6 307.1 71.3 30008 

68 302 40.1 2924 0.0179 51.2 250,3 49,0 29014 
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TABLE A-2 N-250 HELIUM DATA 

Test T Po V ~ O A O c O N h b hsf 

95 240 25.3 968 0.0203 14.4 54.0 12.8 7508 7805 
318 24.8 871 0.0194 20.8 72.5 15.2 8593 8243 
396 25.7 807 0.0186 27.2 91.8 17.6 9669 9663 

106 238 25.2 957 0.0196 13.1 64.4 14.2 7012 8332 
316 25.3 845 0.0187 19.4 82.3 16.5 7891 9234 
400 25.3 767 00178 25.8 99.4 17.9 8938 10204 

98 237 49.8 1573 0.0442 34.8 79.4 19,7 5615 6392 
318 50,0 1473  0.0409 49.2 107.4 24,7 7106 7563 
397 50.3 1393  0.0390 62.0 133.8 29.4 8356 8395 

99 237 50.3 1613 0.0449 32.9 81.3 19.4 5762 6351 
316 49.9 1518 0.0421 47.5 110.8 25.2 7118 7087 
399 50,2 1415 0.0397 61.1 137.8 " 29.5 8392 8088 

100 242 75.3 2144 0.0721 52.4 98,8 21.1 5092 5513 
317 75.1 1997 0.0668 71.4 138.8 27.2 6105 6375 
397 74.5 1857 0.0618 92.1 167.8 34.6 7204 7335 

104 236 74.9 2214 0.0896 49.8 110.5 24.3 5116 5839 
315 76.0 2059 0.0642 69.8 148.3 31.0 6359 6888 
388 75.2 1910 0.0580 90.3 182.1 36.0 7747 8479 

103 238 96.6 2600 0.0908 61.8 120.7 25.0 4834 5706 
317 94.0 2415 0.0804 85.6 163.1 33.1 6195 6898 
399 94.8 2233 0.0737 109.9 191.0 39.5 7514 8304 

105 238 100.8 2677 0,0951 66,2 129.6 27.3 4663 5665 
316 100.9 2556 0.0870 91.7 171.8 36.3 6005 6780 
396 100.8 2414 0.0786 119.3 215.1 45.8 7361 8308 
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TABLE A-3 N-250 AIR DATA 

Test [ Po V m QA QC (IN hb hsf 

77 238 10.1 620 ~0135 7.0 34.4 8.0 5150 5300 
77 315 10.3 450 0.0124 9.5 46.4 10.3 5760 6730 
77 401 10.1 420 ~0145 11.4 5~5 9.8 7230 7700 

79 239 9.9 570 ~0133 7.3 33.1 8.0 6140 5130 
80 320 10.1 480 0.0132 8.5 41.5 7.5 6030 5610 
80 400 9.9 400 ~0128 9.7 47.8 7.4 6800 5660 

75 240 15.1 760 0.0201 15.6 44.9 10.0 5250 5290 
75 320 14.8 660 0.0189 19.6 50.1 11.8 5910 5910 
75 393 15.6 550 0.0178 17.5 67.7 13.3 6500 6000 

76 237 15.2 660 0.0199 10.9 43.4 11.5 4240 5510 
78 317 1~8 540 0.0171 13.0 53.4 11.2 8090 7550 
76 394 15.1 480 0.0158 15.5 63.4 10.9 5850 9680 

84 239 15.0 730 0.0217 9.0 34.9 7.3 5370 4310 
81 320 ' 15.0 660 0.0202 16.7 55.1 9.9 6030 5160 
82 400 14.8 600 0.0196 19.3 65.6 11.2 6800 5360 

78 242 25.2 1000 0.0338 15.2 54.8 18.0 4340 5160 
78 322 24.9 830 0.0299 19.3 70.7 16.6 5030 6830 
78 405 2~0 720 0.0279 22.1 83.0 16.2 5650 8250 

84 238 24.5 1030 0.0357 15.8 55.2 13.5 4280 4220 
83 320 24.7 910 0.0336 22.9 70.1 15,2 5100 5000 
84 401 25.0 850 0,0326 33.3 86.7 16,6 5630 5580 

92 238 49.5 1662 ~0691 27.4 77.8 18.2 3770 4680 
92 317 50.4 1474 0.0660 37.8 100.2 21.0 4440 5520 
92 400 50.9 1343 ~0830 48.5 124.9 23.9 5070 6340 

107 236 50,5 1663 0.0721 28,5 76,7 19,7 3560 4430 
107 320 51.2 1453 0.0683 36.9 100.6 22.4 4250 5260 
107 400 50.9 1307 ~0652 42.1 123.6 25.0 4800 5820 

93 239 75.8 2263 0,1059 38.0 92.8 25.0 3500 4700 
93 320 7~2 1976 0.1007 50.9 122.2 28.7 4090 5210 
93 393 75.1 1804 0.0986 62.6 149.9 32,5 4550 5780 

94 317 73.8 1973 0,1017 49.6 118.8 26.7 4040 4950 

108 234 100.1 3008 0.1444 47.7 111.2 32.2 3430 4330 
108 319 100,8 2462 0.1355 60.1 142.2 33.7 3880 5160 
108 398 10~2 2260 0.1313 72,8 179.2 40,6 4400 5510 

109 314 100.1 2450 0.1311 55.4 140.7 33.1 3950 5510 
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A-2 HYARC AND HEARC COMPUTER CODES 

The computer codes HYARC and HEARC are essentially identical wlth the 
exception of those parameters that characterize each individual gas. Thus, 
to avoid unnecessary duplication, only a complete description of the HEARC 
is given; those aspects which differ for HYARC are discussed in the following 
subsection. 

HEARC Prosram 

A description of the function of the main program and each subroutine 
is given in Table A-4. The computer variable descriptions are listed in 
Tables A-5 and A-6. 

The FORTRAN HEARC program listing is presented in Table A-7 and the 
corresponding flow chart is presented in Figure A-I. 

HYARC Prosram 

A description of the function of the main program and each subroutine 
is given in Table A-4. The differences between HEARC and HYARC are those 

TABLE A4  HYARC-HEARC PROGRAM FUNCTIONS 

Main Program 

Subroutines: 

INPUT 

GASPOW 

ARCTEM 

ARCDIA 

OUTPUT 

GAMMAX 

TEMP 

VISCX 

ENTHX 

RHO 

SIGMAX 

RADX 

TCONDX 

Sets up pressure and current calculational loops and initial values for TARC, TGAS, and DARC. 
Iterates gas temperature until gas power from enthalpy-mass f low relation agrees with energy 
balance value. Iterates mass flow rate until it agrees with value calculated for sonic f low at 
nozzle throat. 

Reads in required data in engineering units and converts to MKS system 

Calculates gas power by: (1) energy balance on the gas and (2) enthalpy-mass flow of arc 
column and bulk gas annulus 

Calculates temperature of the arc column for minimum power input 

Calculates arc column diameter by solving the arc column power balance equation 

Computes voltage, gradient, efficiency, and electrode heat loads and presents results of 
solution in engineering units 

Finds ratio of specific heats for given temperature and pressure 

Finds temperature that corresl~onds to a given enthalpy and pressure 

Finds viscosity from table interpolation for a given temperature and pressure 

Finds enthalpy fr()m table interpolation for a given temperature and pressure 

Finds gas density from table interpolation for a given temperature and pressure 

Helium: Finds electrical conductivity from table interpolation for a gwen temperature and 
pressure 

Hydrogen: Finds electrical conductivity by a curve f i t  for a given temperature and pressure 

Helium: Finds volumetric radiation intensity from electron mole fraction table interpolation 
and electron density calculation 

Hydrogen: Obtains volumetric radiation intensity from table interpolation for a given 
temperature and pressure 

Finds thermal conductivity from table interpolation for a given temperature and pressure 
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p a r a m e t e r s  t h a t  a r e  c h a r a c t e r i s t i c  f o r  e a c h  g a s .  The t h e r m o d y n a m i c  a n d  
transport properties are from the sources shown in Table 4. The descriptions 
of the HYARC main program and subroutines INPUT, OUTPUT, GASPOW, ARCTEM, 
ARCDIA, and TEMP are shown in Table A-4. The thermophyslcal property 
determinations follow the same approach as HEARC. The front and rear arc 
lengths are shown in Table 7 for the N-250. The cold gas inlet enthalpy 
and Prandtl number are listed in Table 5. The correlation results utilized 
are discussed in Section 5.4. 

TABLE A-5 HYARC-HEARC VARIABLE DESCRIPTIONS 

Variable Name Description 

Variables common to more than one subroutine 

AMPS 

AMPINC 

ARCLEN 

CNVF01 

CNVF02 

CNVF03 

CNVF04 

CNVF05 

CNVF06 

CNVF07 

CNVF08 

CONSLN 

DARC 

DCONS 

DTHRT 

ENTH 

FARCLN 

FNU 

IARCD 

IARCT 

IERR 

ISONIC 

ITGAS 

~AMPS 

NCASE 

NPRES 

PCONV 

PGAS 

PGASEN 

PI 

Arc current, A 

Current increment, A 

Total length of arc, m 

39.3701 in./m 

2.2046 Ibm/kg 

0.0254 m/in. 

4.2292 x 10 - 4  (Btu/Ibm)/(J/kg) 

2.6839 x 10 - 8  (Btu/ft3)/(J/m 3) 

8.8056 x 10 - 5  (Btu/ft2s)/(W/m 2) 

0.2048 (Ibmlft2s)/(kg/m2s) 
3.2808 (ftlslllmls) 
Length of front constrictor, m 

Diameter of arc, m 

Diameter of constrictor, m 

Diameter of nozzle throat, m 

Net gas exit enthalpy, J/kg 

Arc length in front electrode, m 

Nusselt number 

Arc diameter iteration counter 

Arc temperature iteration counter 

Error flag indicating that a preset iteration count has been exceeded 

Mass flow rate iteration counter 

Bulk gas iteration counter 

Number of current increments 

Index indicating first call to output subroutine for each input case' 

Number of pressure increments 

Power convected from gas to constrictor wall, W 

Power in gas from energy balance, W 

Power in gas from enthalpy-mass flow, W 

3.14159 
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TABLE A-5 (CONTINUED) 

Variable Name Description 

PIN 

PINC 

PRES 

OCONV 

QN 

QRAD 

RARCLN 

REY 

SIGMA 

TARC 

TGAS 

TSTAG 

WDOT 

WDOTAR 

WDOTGA 

Y 

Electrical power into arc, W 

Pressure increment, arm 

Pressure, atm 

Constrictor wall convective heat flux, W/m 2 

Nozzle energy loss. W 

Constrictor wall radiative heat flux, W/m 2 - -  

Arc length in rear electr()de, m 

Reynolds number 

Arc electrical conductivity, mhos/m 

Arc temperature, K 

Bulk gas temperature. K 

Stagnation temperature of exit gas, K 

Mass flow rate, kg/s 

Mass flow rate in arc column, kg/s 

Mass flow rate in bulk gas annulus, kg/s 

Volumetric radiation of arc x (/r/4), W/m 3 

Variables used in MAIN 

ASTAR 

DELN 

DELPGA 

DELWDT 

GAMMA 

GR 

NEXT 

RATIO 

RHOSTG 

SCALE 

TABS 

TGASN 

WDOTSF 

XP 

Area of nozzle throat, m 2 

DE LPGA value from previous iteration 

Normalized gas power difference 

Normalized mass flow rate difference 

Ratio of gas specific heat, Cp/C v 
(__.~) RATIO 

Index for new case or end 

(~+1)/(2 (~-1)) 

Gas density corresponding to stagnation temperature, kg/m 3 

Scale N of heater, ratio of constriction diameter to 0.75 in. 

Absolute value of difference between present and previous bulk gas temperatures, K 

Sulk gas temperature, from previous iteration, K 

Mass flow rate calculated from nozzle sonic flow relationship, kg/s 

New bulk gas temperature by method of false position, K 

Variables umd in mbroutine GASPOW 

AARC Arc column area, m 2 

AGAS Sulk gas annulus area, m 2 

ENTHAR Arc gas enthalpy, J/kg 

ENTHGA Bulk gas enthalpy, J/kg 
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Variable Name Description 

H 

HIN 

PR 

REY 

RHOARC 

RHOGAS 

TA 

TCOND 

"I'WALL 

VEL 

Turbulent heat transfer coefficient, W/m2K 

Cold gas inlet enthalpy, J/kg 

Prandtl number 

Reynolds number 

Arc gas density, kg/m 3 

Bulk gas density, kg/m 3 

Dummy temperature variable. K 

Thermal conductivity, W/m • K 

Constrictor wall temperature, K 

Gas velocity in constrictor, m/s 

Variables used in ARCTEM 

DIRCH Equals mmus one ~f PIN greater than PINP, otherwise equals plus one 

DT Arc temperature increment, K 

PINP Previous calculated value of power input. W 

SIGNF Sign of arc temperature increment 

Variables used in ARCDIA 

ALPHA 

BETA 

CORR 

DELDIA 

DELD 

DI 

DP 

DM 

F 

FNU 

FP 

H 

INN 

PR 

PXX 

RAD 

TCOND 

TXX 

TX 

VISC 

X 

Z 

Z/Y, used in solving energy balance 

X/Y. used in solving energy balance 

Term that takes into account fractional variation of DARC 

Normalized arc diameter difference 

Arc diameter tterat.on increment, m 

Previous iteration value of DARC, m 

Used in CORR. D c + D a 

Used ~n CORR, Dc 2 - Da 2 

Arc column energy balance function. Pi -(Pr+Pc ) = 0 

Nusselt number 

First derivitive of F, used.for arc diameter iteration 

Turbulent f i lm heat transfer coefficient. W/m2K 

Subroutine entry indicator flag 

Prandtl number 

Dummy variable for power input. W 

Volumetric radiation, W/m 3 

Thermal conductivity, W/m • K 

Dummy variable for arc temperature. K 

Dummy temperature for evaluating TCONDX, K 

Viscosity of~bulk gas, N • s/m 2 

input per unit length - Dc 2, W/m Power 

Convective heat flux loss from arc per umt length - Da, W/m 2 
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TABLE A-5 (CONCLUDED) 

Variable Name Description 

Variables used in subroutine OUTPUT 

DCONSX 

DIARCX 

DTHX 

EFF 

ENTHX 

FRNT 

GRAD 

HFRNTX 

HREARX 

INN 

1OUT 

LCONS 

PGASX 

PINX 

OCONVX 

QNX 

ORADX 

REAR 

VO LTS 

WDOTX 

Constrictor column diameter, in. 

Arc column diameter, in. 

Nozzle throat diameter, in. 

Efficiency 

Exit gas bulk enthalpy, Btu/Ibm 

Front arc length, in. 

Arc column voltage gradient, V/in. 

Front electrode (constrictor) power loss, Btu/s 

Rear electrode power loss, Btu/s 

Subroutine entry flag 

Logical device for output 

Constrictor length, in. 

Net power added to gas. kW 

Power input, kW 

Constrictor wall convective heat flux, Btu/ft2s 

Nozzle heat load, Btu/s 

Constrictor wall radiative heat flux, Btu/ft2s 

Rear arc length, in. 

Arc column voltage drop, V 

Total mass flow rate, Ibm/s 

Variables used in subroutine TEMP 

CONV 

DT 

ERR 

H 

HTN 

HTNP 

K 

P 

T 

TI 

TN 

TNP1 

Normalized temperature convergence parameter 

Temperature increment, K 

Convergence error 

Enthalpy, J/kg 

Enthalpy corresponding to temperature TN, J/kg 

Enthalpy corresponding to temperature TN + DT, J/kg 

Iteration index 

Pressure, atm 

Temperature, K 

Initial starting temperature, K 

Previous iteration temperature value, K 

Temperature calculated for this iteration, I( 

108 



A E [) C-T R -76 -25 

TABLE A-8 HEARC GAS PROPERTY VARIABLE DESCRIPTIONS 

Variable Name Description 

Variables used in subroutine VISCX 

ATM 1 

ATMI0 

ATMI00 

ATM 1000 

DT 

! 

J 

P 

PR 

PP 

T 

TC 

TC1 

TC2 

TVISC 

Data temperature array for 1 atmosphere 

Data temperature array for 10 array for 10 atmospheres 

Data temperature array for 100 atmospheres 

Data temperature array for 1000 atmospheres 

Temperature (lifference between table value J and T 

Pressure index for table values 

Temperature index for last table value before T 

Pressure, arm 

Pressure values in table array, atm 

Logarithmic pressure increment 

Temperature. K 

Viscosity table array, dyne - s/cm 2 

Viscosity interpolated to temperature T at pressure PR ([) 

Viscosity interpolated to temperature T at pressure PR ([ + 1) 

Viscosity. Nt s/m 2 

Variables used in subroutine ENTH 

ATM I 

ATMI0 

ATMI00 

ATMI000 

DT 

I 

J 

P 

PR 

PP 

RHE 

TENTH 

T 

TC 

TCt 

TC2 

TO 

Data temperature array for 1 atmosphere 

Data temperature array for 10 atmospheres 

Data temperature array for 100 atmospheres 

Data temperature array for 1000 atmospheres 

Temperature difference between table value J and T 

Pressure index for table values 

Temperature index for last table value before T 

Pressure, atm 

Pressure values in table array TC, atm 

Logarithmic pressure increment 

Helium gas constant, J/kg K 

Enthalpy corresponding to T, P, J/k9 

Temperature, K 

Enthalpy table array, normalized to RHeT o 

Enthalpy interpolated to temperature T at pressure PR (I) 

Enthalpy interpolated to temperature T at pressure PR (i" + 1) 

Standard temperature, 273.16 K 
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TABLE A-6 (CONTINUED) 

Variable Name Description 

Variables used in subroutine RHO 

ATM 1 

ATMI0 

ATMIO0 

ATMI000 

DT 

I 

J 

P 

PP 

PR 

RHO0 

T 

TD 

TDENS 

TD1 

TD2 

TO 

Data tsmperature array for 1 atmosphere 

Data temperature array for 10 atmospheres 

Data temperature array for 100 atmospheres 

Data temperature array for 1000 atmospheres 

Temperature difference between table value J and T 

Pressure index for table values 

Temperature index for last table value before T 

Pressure, arm 

Logarithmic pressure increment 

Pressure values in table array TD, atm 

0.17859, density normalization, kg/m 3 

Temperature, K 

Density table array normalized to RHO0 

Density corresponding to T and P, kg/m 3 

Density interpolated to temperature T at pressure PR ([) 

Density interpolated to temperature T at pressure PR (T+ 1 ) 

Standard temperature, 273.16 K 

Variables used in subroutine SIGMAX 

ATM 1 

ATM 10 

ATM 100 

ATMt000 

DT 

! 

J 

JSHIFT 

P 

PR 

PP 

T 

TS 

TSIG 

TS1 

TS2 

Data temperature array for 1 atmosphere 

Data temperature array for 10 atmospheres 

Data temperature array for 100 atmospheres 

Data temperature array for 1000 atmospheres 

Temperature difference between table value J and T 

Pressure index for table values 

Temperature index for last table value before T 

Temperature index shift parameter 

Pressure, arm 

Pressure values in table array TS, atm 

Logarithmic pressure increment 

Temperature, K 

Electrical conductivity array, (IOglO to 13,000 K) mho/cm 

Electrical conduct=vity corresponding to T and P, mho/m 

Electrical conductzvity interpolated to temperature T at pressure PR (1) 

Electrical conductivity interpolated to temperature T at pressure PR ([ + 1 ) 
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TABLE A-6 (CONCLUDED) 

AEDC-TR-76-25 

Variable Name Description 

Variables used in subroutine RADX 

ATM 1 

ATMI0 

ATMI00 

ATM 1000 

DT 

! 

J 

JSHtFT 

KP 

KPP 

NE 

NT 

P 

PP 

PR 

T 

TR 

TRI 

TR2 

TRAD 

XE 

Data temperature array for 1 atmosphere 

Data temperature array for 10 atmospheres 

Data temperature array for 100 atmospheres 

Data temperature array for 1000 atmospheres 

Temperature difference between table value J and T 

Pressure index for table values 

Temperature index for last table value before T 

Temperature index shift parameter 

Helium equilibrium constant 

Square root of KP + Pressure 

Electron number density. #/cm 3 

Total particle number density. #/cm 3 

Pressure. atm 

Logarithmic pressure increment 

Pressure values in table array TR. atm 

Temperature. K 

Electron mole fraction array (Ioglo to 16.000 K) 

Mole fract=on interpolated to temperature T at pressure PR ([) 

Mole fraction interpolated to temperature T at pressure PR (I + 1 ) 

Volumetric radiation intensity at T and P. W/m 3 

Electron mole fraction 

Variables used in subroutine TCONDX 

ATM1 Data temperature array for 1 atmosphere 

ATMI0 Data temperature array for 10 atmospheres 

ATMI00 Data temperature array for 100 atmospheres 

ATMI000 Data temperature array for 1000 atmospheres 

DT Temperature difference b~tween table value J and T 

[ Pressure index for table values 

J Temperature ,ndex for last table value before T 

P Pressure. atm 

PP Logarithmic pressure increment 

PR Pressure values m the table array TC. arm 

T Temperature. K 

TC Thermal conductivity array, erg/cm s K 

TC1 Thermal conductivity interpolated to temperature T at pressure PR (I) 
ip  

TC2 Thermal conductivity interpolated to temperature T at pressure PR ([ + 1) 

TCOND Thermal conductivity for T and P, W/m K 
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TABLE A-7 HEARC LISTING 

CARD NO 

1 
2 
3 
4 
5 
6 
T 
8 
9 

1 

II 

2~ 

30 
31 
12 

39 

42  

~ 6  

6B 
~9 
SO 
S l  
52 
53 
S~ 
S~ 

6O 

61, 
65  
66 
6? 
6~  
69 
TO 

I| 

7B 
?9  
BO 

!t 
B6 
BS 
86 
8? 
88 
89 
90 
91 
92  
9 ~  
96 
9~ 
96 '  
e7  
98 
99  

106 
].0~ 

108 

*~** CCN1,ENTS 

C MININUM ENERGY ADDITION ARC HEATER CHARACTERIZATION ALGORITHM 
C FOR HELIUM 
C MCDONNELL UO~GLAS RESEARCH LABnRAT[]~IESt ST.Li]LIISp NO. 
C FRUGRAMED BY J .F .SHAEFFER 
C 

BLOCK i)ATA 
CuqNON/ CCNVF / 

• CNVFOI I CNVF021 CNVF031 CNVF04 e 
• CNYF05~ CNVFObt CNVF OTw CNVFO8 e PI 

C 
OATA ~NVFGItCNVFOZtCNVFO3tE NVFO# tCNVF05 tCNVF06 ~CNVFOT, CNVFOBtP ! 

• / 3 9 . 3 7 0 L t  2 . 2 0 4 6 e  , 0 2 5 6 t  4 . 2 9 9 2 E - 4 t  2ob839E-SB  8 ° 8 0 5 6 E - 5 ~  
• 0 . 2 0 6 B !  3 . 2 8 0 8 p  3 . 1 4 1 5 9  / 

END 
C 

CNVFO[-  M • ] 9 . ] T O I  - INCHES 
CNVF02 w KG/SEC • 2 . 2 0 4 6  - LBM/SEC 

C CNVF03-  VOLTS/M • 2 , 5 6 E - 2  - VOLTS/INCH 
C CNVFL~6- JOULES/KG • 6 . 2 9 9 2 E - 6  * BTU/LBN 
C CNVF05-  JOtJLES/M 3 • 2 . 6 8 3 9 E - 5  " BTU/FT 3, 
C CNVF06= WATTS/M 2 * B. BO56E-5 - BTU/F1' 2 -SEC 
C CNVFOT= KGIM 2-SEC * 0 . 2 0 ~ 8  ~ LBN/FT 2 -SEC 
£ CNVF08-  M/SEC • 3 ° 2 8 0 8  " FT/SEC 

CUMMON / CONVF / 
'I-ON V F 0 ]. ~. CNVFO2t CNVF 03 i. CNVF 0~. I, 
• CNVFOSt ENVFObw CNVF OTo CNVFOB~ Pl 

COMMON I B L K [  / AMPStARCLENtOARCtOCrJNStOTHRTtENTHt PCONVePGASI 
• PGASENI P INtPRADIPRE SpQCONVt ~RADt S IGNAtTARCt  TGASt WDOT ~Y 

COMMON/ BLK2 / QNITSTAG 
COMMON / ERROR / IARCOt IARCT~!  ERRI I  SONIC ~ ITGAS 
CUNMON/ LOOPS / AMPINCtNAMPS~PINCtNPRES 
COMMON/ LENGTH / CONSLNtFARCLN~RARCLN 
COMMON/ NCASE / NCASE 
COMMON / RE Y / R E Vt WDOTAR eWOOTGA t FNU 
INzS 
T A R C - 1 8 0 0 0 .  
1'GA S=2900°  0 

100  CALl. INPUT 
WDOTGA-WD(] T 
SCAL E~ (DCON S / I  O. TSeO. 02561 } 
NCASE=O 
AMPST-AMPS 
PR EST-PRES 
OAR C~O. 9•OCUNS 
CO ] .60 1P-].eNPRE S 
CO ].60 IA-] .BNAMPS 
AMPStJRPST • A M P I N C • I I A - ] . )  
PRES-PREST • PINE•TIP-].| 

C ARC LENGTH CORRELATION FOR HELIUt4 N-2SO HEATER 
RARCLN-{PRES/ IO.2BB~ 'PRES • ~ , 2 2 )  I •CNVF03  
FARCL',is[~.o~.5 4. O.OLG6W, IPRES-25.I-RARCLN/CNVFO3]WtCNVF03 
FARCLN-(  SCALE/O° 5 ) t*FARC LN 
RARCLN-(  SCALE/O, 5) **RARC LN 
ARCLENsFARCLN • RARCLN 
IERR=O 
ISONIC-O 

110 ITGAS-O 
].20 CONTINUE 

C CALCULATE ARC TEMPERATURE AND DIAMETER 
CALL ARCTEN 
I F I  IB : tR .EO. ] . IGO TO 150 
CALL GASPOW 
I TGA S~ I TGA S÷ I ~ F( ITGAS°GT .ZO0 |  IERRaL 
FIIERR,EQ.I| GO TO ].50 

DEL PGA - (PGAS-PGASEN|/PGAS 
I F ( I T G A S . N E ° ] . )  GO TO | 3 0  
DELN-DELPGA 
TGASN=TGAS 
T G A S : T G A S -  ] . 0 0 . 0  
GO TO ].20 

L30  XP=ITGASN~OELPGA - TGAS~OELNI / I~ELPGA- 'UELN)  
TAUS=ABSIXP - TGAS| 
IF(  TABS, G T . 3 0 0 .  | XPmTGAS • IXP - T G A S I / 1 ' A B S • I O 0 .  
TGA SN=TGA S 
DELN'DELPGA 
I F I A B S I D E L P G e ~ I . L E . . O I |  GU TO 160  
TGA S=XP 
G~ TO 120 

].~0 CONTINUE 
C 
C CALCULATE MASS FLOW TO SATISFY SONIC FLOW RELATION 

EN TH-P GA S/WOO T 
CALL TEMP (ENTH~PRE S~TSTAGI 
CALL GAMMA ~<( TSTAGtPRE StGAMMA| 
CALL R t ~  ( T STAG ePRE S~RHOS1,GI 
RAT IO-(GAMMA÷] . ,  O I / (  2 , 0 •  (GAMMA- I ,  O) | 
GR - (  2 .  O / I  GAMMa•L,  O) | • • R A  I"I 0 
AS TAR ~P I •O THR T~O THR T / & .  0 
WDO T SF -A  STAR• SORT (GA NMAeRHOSTG• PRES•]. .  O I3E5 )~GR 
ISONIC= I  SON I C • 1  
I F I  I S O N I C , C T , I O 0 1  IERR=I  
I F I I E R R ° E Q . ] . )  GO TO 150 
DELWOT-|WDDTSF - WOOTI / ~DOTSF 
I F I A B S I D E L W D T | , L T . O ° O [ )  GO TO 150 
WOOT=WDOTSF 
GO TO l].O 
CONTINUE ~ ALL OUTPUT 
ONTINUE. 

READ( I N , 1 T S |  NEXT 
FORMAT( 9 X ~ l  ].l 
GO TO I IOOpI.'7OI~,NEXT 
CONTINUE 
END 

150 

160 

175 

170 

C 
C 

SUBROUTINE INPUT 
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CARD NO 

|12  
I 3 

II, 

It 

l ~ g  

4O 

t" 66 
~T 
~8  
~9 

1S0 

ti |  
5~ 
55 

f 5* 57 
58 

1.59 
1.60 
161 

16~ 

1" 6B 
69 

ti! 
t T5 76 

T7 
78 

$0 

tI~ 
t ,T 88 

89 

9~  
9~  
96 

t;I 
t ,° DO 

209  

ill 

TABLE A-7 (CONTINUED) 

• ~ C~NTENTS ~ e e  

C READS REQUIRES OATA IN ENGINEERING UNITS ANO CONVERTS TO 
C NKS SYSTEM FOR THE COWPUTATIONS 

COMMON/ CONVF / 
+CNVFOIjCNVFO2eCNVFOStCNVFO~eCNVFOStCNVFObt~NVFOTmCNVFOBtPI 

COMMON/ BLK[ / AMPSmARCLENtDARC,DCONStOTHRTtENTHtPCONVtPGAS~ 
ePGASENI PINIPRADjPRESIQCONVtQRAOtSIGMAtTARCtTGASIWDOTeV 

COMMON/ L~QPS / AMP[NCtNAMPStPINCtNPRES 
CUNMO~/ TITLE / T I T L E ( 1 8 1 1 D A T I & I  
COMMON/ LENGTH /CONSLNt FARCLNt RARCLN 
IN-5 
R E A D ( I N , I O O | I T I T L E I J ) I J ' I I I B I  

IOO FORMAT(|8A6) 
READ( ( N i l  10 )AMP S tAMP I NC t NAMPS 

110 FORMAT| 2EIO. Lt SX,121 
READ( IN t L 10 IPRE S,P ! Net NPRE S 
READ(INtI20|CONSLNtFARCLNtRARCLN 

IZO FORMAT(3EIO.Z) 
READ(INt1.2OIWOOTwDCONStDTHRT 
CDNSLN=CONSLN~NVFO3 
FARCLN-FARCLN~CNVF03 
RARCLNsRARCLNeCNVF03 
ARCLEN-FARCLN • RARCLN 
DR EAR-DREAR~CNVF03 
WDOT-WDDT/CNVF-OZ 
DCON$=DCON~CNVFO3 
DTHRT-DTHPTICNVFO3 
CALL DATIMEIDAT) 
RETURN 
ENO 

SUBROUTINE GASPOM 

i OMPUTES POWER IN GAS 8Y CALCULATING CONVECTIVE LOSS TO CONSTRICTOR 

CUMNUN/ BLK1. / AMPSmARCLENtDARCtDCQNSIOTHRTtENTHpPCONVtPGRSJ 
• PGASEN~ PINePRADtPREStQCONVwQRADwSIGNAoTARCtTGASwWDOTtY 

COMMON/ BLK2 I~NtTSTAG 
COMMON/ ERROR # IARCDfIARCT~IERRtlSCNICtITGJS 
COMMON/ LENGTH /CONSLNo FARCLNI RARCLN 
CDMMOq/ REY / REYtWDOTAReWDDTGAtFNU 
PisS.1.61.SQ 
TWALLzS?O. 

C CJU. CUL ATE CONVECTION LOSS TO CONSTRICTOR WALL 
TAzL.DO~ITGAS - TWRLLI • TWALL 
CALL TCDNDX( TAePREStTCOND) 
H=FNUOTCOND/ (UCON$-DARC| 
QCONV=H~(TGAS-TWALLI 

C RADIATED HEAT FLUX DOT FROM ARC 
QRAO-Y~(DARC~DARC)/IPI~DC~NS) _ ~_ 

POWER IN GAS F~OM ARC (BY CONVECTION/ IS ZeDARC~ARCLEN 
HIN-COLD GAS ENTHALFV (JOULES/KG| 
HIN-BTO.0/~ .Z99ZE-6 

C LOSSES RADIATION OVER ARCLENGTH, CCNV. OVER FRONT CONSTRICTOR 
PGAS'PIN - QRAD~PleDCONStARCLEN - OCONV~PI~DCONS~CONSLN 

+~ WOOT~HIN 
C NOZZLE LOSS CORRELATION FOR HELIUMtTN I S LOSS IN WATTS 

ENTH-(FGAS/WODT)~6.}E-6 
QN-O.O~IiWDDT~2,2046|~t0.TI~(ENTH-1.SZS.)~IOS~. 
PGASmPGAS - QN 

C 
CALCULATE POWER IN GAS~ARC FROM ENTHALPY-MASS FLOW RELATION 
ASSUNE UNIFORM VELOCITY ~ ALL RHO(TGAStPRES~RHOGA$) 

ALL RHO(TARC~PRES~RHOARCI 
AGAS-PIe(DCONS~Z-DARC~2I /4 .O 
AARC-PIeDARC~DARC/~.O 
VEL-WDDT/IRHQGAS~AGAS t RHOARC~AARC| 
WODTAR-RHOAR~VELeAARC 
WDOTGA-RHOGAS~VEL#AGAS 
CALL ENTHX(TGAS~PREStENTHGAI 
CALL ENTHX(TARC~PRES~ENTHAR| 
PGASEN~ENTHGA*MDDTGA • ENTHAReMDOTAR 
RETURN 
END 

C 
C 

SUBROUTINE ARC TEN 

CALCULATES ARC TEMPERATURE FOR POWER INPUT TO BE A MININUM 
C 

COHMUN/ BLKI / AMPS~ARCLEN~DARC eOCONS~OTHRTeENTH~PC~NVIPGAS~ 
~PGASENePIP:~PRAD~PRES~QCONV~QRAO~SIGMA~TARC~TGAS~WOOT~Y 

COtqMON/ ERROR / IARCOe1.ARCTtIERReISON(CeITGAS 
SIGNF-L.O 
IARCT-O 
OT:200,O 

108 IARCT:IARCT~L 
CALL ARCDIAITARC ~PIN ) 
~ F(IERR~EU,LIRETURN 

FIIARCT,NE.1.)GO TO 58 
TARCmTARE • DT 
P|NF:P|N 
GO TO O0 

50 DIRCH:~IGN(1.°O~IPINP-PINI |  
SIGNF=DIRCH~S/GNF 
O T = D T / ( L . ~ I I . - D I R C H I / 2 ~ )  
|FIABS(DT ).LTe1.O.BI RETURN 
TARO:TARO • SIGNFeDT 
PINPzPIN 
IFt(ARCT.GT.1.00|  GO TO 1.1.0 
GU TO 1.00 

i f 8  IERR=1. RETURN 
END 

SUBRUUTINE ARCDIAITWR~PXX) 
C 
C CALCULATE Aec DIAMETER FOR FNERGY BALANCE 
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CARD NO 

2 2 0  
22L  
222 
223  
2 Z *  
225  

6 

229 
23O 
,2 t l  
232  

238 
239  

2 ~  
2~5 
2,~6 
2~7 
2#8 
2~9 
Z50 
251 
252 
253  
25~ 
2 5 5  
Z56 
257 
258 
259 
2~,D 
2~L 
262  
Z63 
26~ 
265  
2 6 6  
267 

Z6~ 
270 
271 
2 7 2  
273 
2T~ 
275  

278 
279 
280 
201 
282  
2 0 3  
20~ 
285  
206  
2 8 7  
288 
289  
290 
Z91 
292 
293 

295 
296  
297  
298  
299 
3O0 
301 
3O2 

30~ 
305 
~ 0 6  

30B 
309 

, I  

315 
3 1 6  
3 1 7  
318 
3 L9 
320 
321 
32.2 

32~ 
32~ 

328 

33O 

TABLE A-7 (CONTINUED} 

**** CqNTENTS 

COMMON/ BLKL / AMRStARELENIDARC.DCCNSpUTHRTtENTH~PCONVwRGAS~ 
+RGASENt PIN~PRADePRESIQCDNVj~RADtSIGMA~TARCtTGAStWDOTtY 

COMMON/ ERROR / | A R C O t I A R C T t | E R R t l S C N I C I I T G A S  
COMMON/ REY / REYmk~)OTAR~WDOTGAIFNU 
DATA I N N / O /  
I F I I N N . N E . O )  GO TO LO0 
P I = 3 . I ~ L S g  
OI=OARC 

100  I N N - L  
[ARCD'O 

C POWER IN = X ( T A R C | / D A R C * * 2  PER UNIT LENGTH 
CALL SIGMAX(TXX ePRESwSIGNAI 
X = 4 . O * A M P S * A M P S / ( P | * S I G M A )  
CALL RADXITXX IPREStRAOI  

C POWER RADIATED • Y ITARCJ*OARC**2  PER UNIT LENGTH 
Y = P | * R A D / 4 , O  
TX=O.TOe(TAPC - TGASI ÷ TGAS 
CALL V I S C X I T G A S ~ P R E S . V I S C )  
CALL TCDNDX(TXjPREStTCOND) 

z 1 1 0  CONTINUE 
IARCO=IARCD+L 
P X X = ( X I O A R C * t 2 | * A R C L E N  

C POWER OUT OF ARC COLUMN CDNVECTED = Z ITARC|eCARC PER UNIT  LENGTH 
REY-I&oO*NOOTGA|/IPIeVISC*IDARC÷OCCNS) I 

C PRANDTL NO FOR HE IS  0 . 6 7 2  
P R - 0 , 6 7 2  
FNU=O, O 2 b S * ( R E Y * * O . 8 ) * P R * * O . 3  
H=FNU*TCOND/IDCONS-OARC) 
Z = P I * H * I T X X  -TGAS)  
ALPHA=Z/Y 
B E T A ~ . * X / Y  
F=101**61 ÷ A L P H A * | D I * * 3 1  • BETA 
OR=ICONS * DI  
Dt4=DCONS*DCONS - O l * O I  
CORR=L. 0 • 0 . 2 * O l 1 3 . 0 / D P  ÷ 2 . 0 * O I * O 1 / 3 . 0 / D M  
F P = 6 * O * ( D I * * 3 I  • 3 . 0 * A L P H A * D I * D l e C O R R  
D E L D = - I , * F / F P  
OARC=DI • DELO 
D E L D [ A = ( D A R C - D I | / D A R C  
I F I I A R C D . G T . L O O I  GO TO 120 
I F I A B S ( D E L D I A I , L E . I . E - 5 1  GO TO 130 
Di=DARC 
GO TO 110 

120  IERR=I  
RETURN 

130  CONTINUE 
C 

RETURN 
END 

C 
C 

SUBROUTINE OUTPUT 
C 
C CALCULATE REHAINING ARC PARAMETERS 
C CONVERT MKS TO ENGINEERING UNITS AND PRINT OUT RESULTS 
C 

REAL LENX~LCONS 
COMMON/ BLK1 / AMPSwARCLENtOARCpOCONSIDTHRTpENTHtPCCIWwPGASp 

• PGASENI PINtflRADtPREStQCCNV�QRADtSIGMAtTARCtTGAStWDOT*Y 
COMMON/ BLK2 / QN~TSTAG 
COMMON/ ERROR / I ARCD p I A R C T . I  E~Rt I SONIC ~ ITGAS 
COMMON/ T ITLE / T I T L E ( 1 8 ) p O A T ( A I  
C O ~ Q N /  CONVF / 

• CNVFOI t  CNVFD?, C NVI:03~ C N V ¢ O ~  
• CNVFOSt CNVF06~ CNVFOT~ CNVFO~ Pl 

COMMON/ RAO / KNUP~KNU 
COMMON/ LENGTH ICONSLN~FARCLN~RARCLN 
COMMON/ NCASE / NCASE 
COMMON/ REY / REYtWDOTAR~WOQTGAtFNU 
lOUT=6 
GRAD=(AMPS/(SIGMA*DAPK*DARCeRI/~,O))*CNVF03 
LCONS=CONSLN*CNVF01 
FRNT=FARCLN*CNYF01 
REAR=RARCLN*CNVF01 
LENX=ARCLEN*CNVFOL 
VOLTS=GRAD*LENX 

C HELI  UH ROOM TEMP ENTHALPY = 6 7 0  BTU/LB 
H IN= (6TO. /CNVFO~ | *WDOT 
EFF=( IPGAS - H [ N ) / P I N ) * I O 0 .  
MDOTX=WDDT*CNVF02 
QRADX=QR AD=I=CNVF06 
QCONVX=UCONV*CNVF06 
~NX=QN*O,~¢BE-3 
ENTHX=FNTH*CNVFO¢ 
DIARCX-DARC*CNVFDI 
DCDNSX=DCDNSeCNVFO[ 
DTHX=OTHRT*CNVFOI 
P I N X ' P I N * O . O 0 1  
PGASX=(PGAS - H I N ) * O , O O L  
HREARX=QRAD*PI*IDCONSI ~RARCLN*O,9~B~-3  
HFRNTX=(QRAD*PI*DCDNS*FARCLN + QCONV*P I *DCDNS*CONSLN] * °968E-3  
I F I N G A S E o h E . O I  GG TO 100  
W R I T E ( I ~ U T ~ L 0 5 |  

LO§ F D R M A T I ~ H I ~ / I ~ I X  
t61HHEAkC HELIUM MINIMUM ENERGY ARC HEATER CHARACTERIZATION CODE) 

~ R I T E I I O U T ~ I I O I D A T ~ T I T L E  
100  NCASE=L 

110  FORMAT( I X .  # A # = / / | X I B A ¢ ~  / / ~ A H  PRES eBH AMPS=AH DCONS~ 
÷01t OTHRTt~H L C ( J N ~ H  APCL~bH FRNT~bH REARtbH TSTAG~ 
• AH QREAR=6H OFRNTtbH ~NOZ~ 
• / e A H  A T M t 6 X ~ 6 ( ~ X Z H [ N I ~ B H  OEG K~IRH . . . .  BTU/SEC . . . . .  t / / ~  
~6H VOLTS~6H PINt6H GASP~bH GRAD~6H QRAD~6H QCONV. 
e~H WDOT~AH ENTHebH EFF~AH TARC.6H DARC~/~bX~6H KW~ 
÷6H KN~6H V / I N e L Z H  BTU/FT**2-S e 6H LBM/S= 
+bH B / L B . 6 H  PERC~6H DEG K~6H I N ~ I I  

[F|IERR.EO. IIWRITEIIDUT,120)ISUNIC~ITGAS~IARCD~IAPCT 
120 FORMAT(II,'ERROR I S ] N I C = ~ I ~  t I T G A S = e [ 6  e I A R C O = * I ~  

• ~ IARCT=~I~ I 
WRITEIIOUT~I)OIPRESIAMPS~DCCNSX~DTHX, LCDNStLENX,FRNTtREARt 

+ TSTAGtHREARXeHFRMTXt~NX 
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CARD NO 

33 33| 
3 3 3], 
335 
3 6 3IT 
338  
339  
340  3'! 
34 

344 
3#5 
34 

3~9 
350 

35 

3 5 4  
3S3 
356 

358 
359 
36O 

363  

365 
3 6 6  
36T 
368  
3 9 

371  
372  

3T~ 
3TS 
3?  

3TB 
379  
380 
3BI  
382  

3 8 4  
385  
386  
3B7 
188  
3B9 
390 
39 l 
392  
393  
394  
395  
396 

398 
399  
400  

4 0 3  

#06  
4 0 7  
60B 
4 0 9  
4 1 0  
411  

~ 3 

4 5 ,~T 
• 8 
# 9 

4 2 4  

42~ 
~30 

4 3  

#36  

4 3 9  

L41 

TABLE A-7 (CONTINUED) 

ee~e CONTENTS 

130 FORMAT(/ tZI6t2F6.3~6F6,114[6)  
~RITE(IOUT~Z~OfVOLTSeP[NXpPGASXtGRAOtQRADX~QCf~NVXw 

+NDOTX*ENTHXwEF~tTARCIOIARCX 
160 FURMATI616v F6*3e316tFb°3)  

RETURN 
END 

SUBROUTINE GAMMAXITENPtPREStGAMMA ) 
GANMA=I.b6b7 
RETURN 
END 

SUBROUTINE TEMPIHePwT) 
GIVEN HpP FIND T USING ITERATION SCHEME 
T IN DEG K 
~ I~ AT. JOULES/KG 

C TI INITIAL TEMPERATURE GUESS 
T I -5000 .  
TNuTI 

100 CONTINUE 
EkR=.O000| 
K=O 

I I O  CONTINUE 
K=K+I 
CALL ENTHXITNtPIHTN) 
DT=.OIeTN 
CALL ENTHX(TNeOTePBHTNP) 
TNPI=TNtIH-HTNIII(HTNP-HTNI/DTI 
IF (K .GT,1000. )  Off TO IZO 
¢ONV=(TNPI-TNJ/TN 
C.ZJNV=ABSICONVI 
TN=TNPI 
IF ICONV.GT.ERRI GO TO 110 
T=TNP[ 
RET N 

120 CON~N UE 
END 

C 
SUUROUTINE VISCX(TtPtTVISCI 

C HELIU~ VISCOSITY 1- [000 ATM. TO 30tOOOOEG K 
DIMENSION TC(4~3|ItPRI6ItATNII3OImATMIOI3OItATNIOOI3OItAT|O00130I 
DATA P R l I . O , l O . O t l O O .  OtlO00. OI 
CATA IN/O/  
DATA ATMI 

• t,~4CgE-O3m • 6957E-O3p. 9~ l~E-O3f .  1Z 1ZE-OZt. 1474 E-02 e 
• . I 7 ZeE-O2p. I980E-02 t .  2226E-02 , .  2~68E-'02..  2T05 E-02 i 
e,2q 33E-02~ • 3137E-02,o 3290E-02 m. 33~2E-02 = °3230E-OZt 
*-29Z3E-O2,.Z452E-OZe°Iq14F-OZI.I~OgE-OE,oqe~3E-03, 
t.bBT~E-O3p.4TITE-O3t.328$E-O3~°Z388E-O3,°|B~?E-O3t 
~-15¢6E-O3t.  I38bE-O3g*I318E-O3t .  E3OTE-O3m°I330E-03 / 

DATA ATMIO/.~qOqE-O3t 
~°6qSTE-O3,,q~I4~-O3t.IZIZE-OZe. I 4~E-O2~  
~.17ZqE-O2,.1980~-O2~.2226E-O2~.2~68E-OZ,o2707E-O2, 
÷oZg~0E-OZ,.3Ib~E-02,°3369E-02t.353?E-OE,°3636E-OZ, 
~.3628E-OZ~.3677E-OZe°3IB~E-OZ~.2768E-.OZ~.230&~-OZ~ 
~.I~4E-OZ,.I~ZE-OZ,.IOgOE-OZ,.8356E-03,.6380~-03, 
+.49~bE-O3~.3933E-O3~.3251E-O3,.ZBO2E--O3~.252ZE-03 / 

CATA ATNIOO/.~OgE-03~ 
• ob957 -03~°9416E-O3e° 2E-O ~° ~7~E-O 
" .  I ?Zq~-O 2 , .  ~ qB OE-O2,. ~ I t  6E-Ot , .  ~ E - O t , .  E70TE-02, 
e°Zq42E-OZ~.31T~E-OZt.33qSE-O2~.360~E-O2,.378~E-OZ, 
e.39ZbE-OZt.3~3TE-OZ=.3982E-O2~.38S~E-O2,.3619E-02, 
e.3288E-0E~.ZSqOE-02~°Z~SSE-O2~.2089E-OZ~.lT31E-02, 
e.1423E-O2~.Ilb8E-02~.qb30E-03~. ~021E-O3~.bTTBE-O3 / 

GATA ATIOOO/*~409E-03~ 
~o6957E-O3t.9414E-O3~°I21~E-O2~.I6T~E-OZ~ 
~o172eE-OZ~.Ig~OE-OE,.ZZZbE-OZ~.Z4bBE-OZ~.2TOTE-O2t 
÷oZq~3E-OZ,°3176E-OZ~.340;E-OZ~.3626E-OZ~°3838E-O2, 
~-4032E-O2,.420LE-O2e.~330E-O2eo~O~E--OE,°~O6E-02, 
~.~ZTE-OZ~.4LbZE-O2,.~%TE-OZ,.a609~-OZt°3265E-02, 
+o2)O~E'O2,,25SIE-O2,,2213E-O2e°iq2~E--O2,.166~E-02 / 

IF I IN .NE.O)  GO TO 120 
~C 100 J = l , 3 0  

( I ~ J ~ I I = A T M I I J )  
TCIZ~J÷| ) -ATMIO(JI  
TC(3BJ÷II -ATHIOOIJI  
TCI4,J÷I I=ATIOOO(J)  

100 CDNT|NUE 
0(3 110 I ' 1 ~ 4  
t C i I , l ) = O . O  

LlO CONTINUE 
IN= 

l~O CON}INUE 
IF IP .GT ,PRI3 ) I  I=3 
IF(PoLE.PR{3 | |  !=2 
IF IP .LE .PRI21 |  ! = l  
J ' A I N T I T / I O 0 0 . 1 + i  
DT=T- (J - I I e lO00°  
OT=DTIIOO0. 
PP=ALOGIOIPIPR(II)  
TCI=TCIIeJ)÷ITCII~J~II-TCII~JI|=OT 
~CZ=TCIi÷IeJ/eITCIIeleJ~LI-TCII~I~JIIeOT 

VI SC= TC 1÷( TC2-TC 1) ~PP 
TVI SC=TVISCeO. 10 
RETURN 
END 
SUBROUTINE EN THX(TIP~TENTHI 

C HELIUM ENTHALPV 1-IO00 ATN T~ 30~O00 DEG K C 
DIMENSION ATNIIZII~ATMIOIZlI~ATNIOOIZI)~ATIO00(21) 
DIMENSID~ T C I ~ I I , P R I 4 }  " 
D~TA PR/ I ,0~ |0 ] r '0 ,Z00o0~I000,01  
DATA IN/O/  
OATA RHE/ZOTT°0Z/ 
DAT~ T0/273o16/ 
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A E D C - T R - 7 6 - 2 5  

CARO NO 

k.62 
4~.3 k.k.,k. 
665 
66b 
4.67 

449 
650 
,k.Sl 
~.52 
653 
656 
~,55 
656 
657 
65B 
659 
~,60 

#63 
~66 
665  
~66 
~BT 
668  
6 6 9  

6 ? 6  
6T7 
6 7 8  
~ 7 9  
6 5 0  
6 g I  
6 8 2  
6 5 3  
6 8 6  
6 8 5  
~B6 

6Be 
68q  

~,92 
6 9 3  

6 9 5  
6 9 6  

# g e  
~99 

50 
SO 
5O3 
506  
SOS 
SOb 

508  
509  

SX2 
S 3 st6 
5 1 5  
S 6 

5 9  
5 0 

S 4 s|s 
5~'6 
5 2 7  
5 B s|9 
532  
$33 

535  

$38  
539 
560 
561 

S ~  
56S 
5~6 
S~T 
568 
$69 
SSO 

T A B L E  A - 7  ( C O N T I N U E D ]  

DATA ATM1 I 
4..9160E O2,.LOlOE 0 3 . . I l l O E  
to15~TE 03~. IBL IE  03e .Z l9b£  
4.°~6ZBE 03~.6002E 03~°7622E 
e. IZZbE 0~°1330E  06e°16OTE 
+.1563E O# / 

DATA ATNIO / 
+ .9155E 02, .1008E 
÷.130TE 03~.1629E 03. .157TE 
e.23~OE 03~o2773E 0 3 t . 3 3 ~ E  
e°6OBOE 03~.732ZE 03~°8652E 
*.123¢E 0 ~ . 1 3 2 7 E  04 / 

OATA ATMIOO / 
i .9153E . l193E O3..L2~OE 03.o1391E 

IT68E 0 3 , . I 9 3 q e  03,.21~8E 
÷.3113E 03, o3591E 03, .6165F 
4..bSObE 03, .T665E 03, .86~2E 

CATA ATIO00 / 

C~NTENTS 

03,.1ZZ3E 03. .1361E 03, 
03~.275~E 03~.35~7E 03. 
03~.933LE 03 . .1093E 06, 
06~.L~bSE O~.LSO8E 06, 

03~.LIOZE 03,.EEOOE 03, 
03~°1765E 03~.2011E 03,  
03,°~0BDE 03,°~gBB~ 03~ 
03B.ggBgE 03~°1123E 04~ 

02.. lOOTE 03 . . lOqgE 03e 
O3~.lSOIE 03, .1625E 03. 
03,°2~05E 03,.27ZSE 03, 
03~°&843E 03~°SbEbE 03~ 
O3 / 

03t .13T9E 03~. I6TTE 03. 
O3~. Ig~ lE  03e. ZOglE 03~ 
03..2gTOE 03, .3287E 03, 
03~.50q3E 03 / 

4..9152E 02,.1007E 03. 
4..10;9E 0 3 t . l I g l E  03~ol28t*E 
4..15TgE 0 3 t . l b 8 9 E  03,o1808E 
4..2265E 03JoZ~66E 03B.269TE 
4..3655E 03~.6083E 03t .6556E 

IF|  IN.NE.Ol GO TO 110 
DO 100 K - I , Z I  
TC(L tK ) 'ATM[ (K )  
TO( ZtK I:ATM |01KI 
TC(3,K I-ATMIOOIK I 

100 TC | 6eK )=ATIOOOIK) 

, o  ~g~hNoE 
~FIT.~T.~DO00., ~0 TO . 0  

PoGToPR(3) I 1-3 
I F I P . L E . P R ( 3 ) )  I - 2  
IF(P.LE.PR ( 2 ) )  1-1 
J=A INT I T/IOOO. I - 9  
DT-T-  I Je9|~' lOOOo 
OTtDT/IOOO. 
PP-ALOGLO(P IP~ I i ) I 
TOE-TO ( I t JIS.(TC( I .  JS.I)-TC [ I . J }  I ~'DT 
TCZ=TC [ 14.1~ J)4.| TC I I + I~JS . I I -TCI  I t  I ~ J J )*OT 
TENTH" TC 14.I TCZ-TC 1 I~'PP 
TEN TH=TENTHI['RHE~ T0 
RETURN 

ZZO TENTH=2.5ST*IRHE 
RETURN 
END 
SUBROUTINE RHO( TIP t TOENS) 

HELIUM DENSITY l- lOOO ATM. TO 3010DO DEG K 

DIMENSION ATML(21I eATM!O(Ell  sATMIOO(2II ~ATIO00I 211 
DIMENSION TD (4.,, 2 E I .,.PR I4  I 
DATA PR/ I  DOe 10.0,~100o OplOO0. O/ 
OATA INIOl 
DATA TOpRHOOI273°IBtO.17859/ 
CATA ATML / 

e. 2T~ I E - O l t  • 2~83E-01 ~.. 22T#E- Ol , .  2095E-0I  e • 1938E-01 ,p 
4.. 17~SE-OI ~. 1o59E-0I  ~. 1525E-OI w° 1389E-01 w ° 1251E-Ol w 
• .11 lOE-O I t °  ~75BE-02, • S 53~E-02 , .  7509~-02 to6703 E-02, 
+ . 6 0 9 7 E - 0 2 , .  5647E-02 , .  5306E-02, .  5033--02 , .~8  IO E-DE, 
4..6619E-02 / 

OATA ATMIO / 
• 2732E OOt.2483E 00...2276E OO~.2099E 00~ 4. 

+.1947E O0~ol.8[2E O 0 , . I 6 g l E  O0, , [57qE 0 0 , . I 6 7 3 E  00. 
+o1369E OOt. IZ67E OO~oLI65E OOt.lO63E O0,°962BE-DI~ 
e. ebTIE-Ol~ .TT~OE-01~°701 IE -O l  ~. 63~.BE-OI ~ °~806E-01.  
+ . 5 3 6 g e - 0 | . .  5018E-OI I 

CATA ATNIOO / .2732E ~3I, .2483E O l . . 2276E  Or,  4. 
4..2101E Olto1950E OKt. IBIBE OIB°ITO2E 01. .1597E O l ,  
÷.LSO~E 01, .1416E 01~,.1331E Ol~.125LE 01~. I173E Ol~, 
~'olOq7E 01~,°1022E 01,,.9688E OO~.67TOE O0~°BOBOE 00~. 
• .7428E 00.*o6825E 00~.o276E OO I 

CATA ATIO00 I 
• .ZT32E 02, .2683E 02, 
4..Z2T6E OZ,o21OIE 02t° lqS1E 02t .  lBZOE OE. . |705E OZe 
4..1606E 02t .1512E OZ~.1629E 02, .1353E O2..1283E 02~ 
• °IZE6E O Z t . l I 5 3 E  O2~.lOg3E 02~. I035E O2,.~TBOE Ol~ 
4.,gZZ6E Ol.oBbBZE O I , .B I63E  Ol , .Tb56E O1 / 

I F i l N . N E , 0 )  GO TO 110 

TD 301000 DEG K 

DIMENSION ATMIIZSIpATMIO(ZSItATNIOOIZS|eAT|DOO{2~) 
DIMENSION TS(~e26) tPRIS)  
DATA P R / 1 . O , I O . O I I O 0 . O , I O O O . O /  
CATA I N / O /  

DO 100 K=IeZ1 
T D | I t K I - A T M I I K I  
TD(ZeKI-ATMIO(K) 
TD(3eK)-ATNLOOIK) 

lO0 TD(4eKI~ATIOOO(K) 
IN= 

| | 0  CONTINUE 
I F I r . L T .  IOOOO.) GO TO 120 
IE(R.GT,PR(3)  ~ I - 3  
IF(P.LEoPP | 3 | )  I=2 
IF [PoLEePR(2) I  I - 1  
J = A I N T I T / I O 0 0 . ) - 9  
DT-T- (JS.9) * IO00.  
DT-OT/ IO00.  
PP-ALOGIO(P/PR{ I ) I  
TOI-TD(I~JI4.ITD(I~J+I)-TD(IeJII~OT 
TDZ-TDII+[tJI4.(TO(14.1~J4.II-TOli+IwJII*DT 
TDENS=TDI4.(TD2-TD1)~PP 
TDEPI S= TD EN S~RHDO 
RETURN 

L20 TDEN S=Rel TO/T|~RHOO 
RETURN 
END 
SUBROUTINE SIGMAX(T~PITSIGI 

HELIUM ELECTS|CAt CONDUCTIVITY 1-13OOATN. 
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AE D C - T R - 7 6 - 2 5  

CARD hO 

553 
554 
55;5 
556 

I11 
$ 5 9  

'! 56 
56  
5 6 4  
565 

S 9 ~o 
5 7  

5 7 3  
5 7 6  

t 7 7  
578  
5 7 9  
580  
$8 

5 8 3  
566  
58S 
5 8  

588  
5 8 9  
59O 

5 9 3  
5 9 6  

597 
$95  
599  
60O 

"°i 6O 
6O 

605 
6O6 
6O7 
6 0 8  

6 O  

6 4 
6 5 
6 6 
6 7 6|e 

622 
6 2 3  
6 6 

6 2 6  
6 ? 6|e 
6 2 9  
6 3 0  

'3t 63 
63 
6 ~ 

6 3 6  

6 3 8  
6 3 9  

6 6 1  
6 4 6  
645  
6 6 6  
6 6 7  
b68 
6 4 9  
bSO 

65A 
6 5 

6ST 
6 8 6|9 
6 6 0  

6 6 3  

T A B L E  A - 7  ( C O N T I N U E D )  

1.00 
11.0 

120  

130  
160  

1.50 

160 

170 

1.80 

CCNTENTS 

DATA ATMI / 
• .2234E-O4e.T520E-O3e. I O T O E - O I t . 8 ~ 3 E - O I t . ~ 7 9 3 E  00~ 
• .2071E 01~.7102E OIe.  LTTSE 02e.3148E OZt.4~34E 

• .lOZTE O3e°lIOqE 03e . l IB6E 03e.1258E 03e.1325E 03 
• .1389E 03e.  E652E 03, .1513E 03~.1573E 03, .1633E 03 '  

~ATA ATMIO / 
• oTO65E-OSe°238OE-O3e°~385E-O2~.2T17E-Ol~.l~TAE 00~ 
÷.6072E 00~.206SE 01~o5986E 01~.1~.5E 02e.2821E 02~ 
• .4484E 02, .6149E 02e.T6TgE O,?.,.9|l#E 02e. |O46E 03~ 
• .1176E 03, .1303E 03e°1424E 03~.15¢0E 03 t . l b5OE 03, 
+. lT53E O3e.1850E 03~.194|E 03~o2026E 03 t .2 |O8E 03 

DATA ATMIOO I 
+.2235E-D5,°753~EoO6~.lO73E-O2~.Sb33E-O2~.465OE-O|~ 
• .~882E 00~.6162E DOt . | 747 |  01~.4380E O~t.gB53E 01~ 
+o1963E 02,.3485E 02~.5609E 02~°7583E 02~.gT99E OZ~ 
• .1197E 03,ol~OTE 03~.1605E 03~.1798E 03 t .1983E 0)~ 
+°2161E 03, .2332E 03~°2695E 03~.2648E 03, .2792E 03 

DATA ATIOOO / 
• .7500E-Ob~.2387E-O4eo360?E-O3e°2TS2E-O2 eo1486E-01~ 
• . 6011&-OI , . I q60E  Oe~°5397E 00~.1320E 01t .2959E 01, 
• .bO6~E OLt.  LI49E 02~.2055E 02~.3428E 02t~S334E OZe 
• oT755E 02, .106LE 03~ I376E 03~°I705E 03~.2039E 03, 
• .2373E 03t .2TO|E 03. ;3027E 03e.3329E 03~.3624E 03 

IF i IN .NE,O)  GO TO 150 
IX| IOO N= I t 25  
T S ( I ~ | ~ A T N L ( N |  
TS(Z~N|=ATMIO|N| 
TSI3~N)'ATNIOO(N) 
TS(4~N)uATIOOO(N) 

1~0 L=1~18 
M-Z6-L 
TS(KeM~IImTS(KeN) 
[X~ 130 L-1~8 
TS(K.L}mALOGIOITSIK,LI I  
C~NT|NUE 
IN-  
CONTINUE 
| F | T ° L T . 6 0 0 0 . |  GO TO 180 
IF(P°GT.PR(3)  

| F I P . L E . P R | 2 ) |  I ' |  
JSHIFTmS 
IF IT .GE .13000 . |  JSH IFT~  
J~ATNT(T/ IOOO°|-JSHiFT 
OT~T-(J~JSHIFT)* |O00~ 
DT-DT/IO00° 
PP=ALOGIOIP/PR|I I I  
TSZ:TSIIeJI÷iTS(ItJ~II-TS(ItJII*OT 
TSZ=T$II÷IeJI~ITSII*I,,I+II-TSII+I,JIIeOT 
TS|G=TS|+ITS2-TSI I *PP 
| F ( T . L T . 1 3 0 0 0 . |  GO TO 170 
TS(G=TSIGt|O0.O 
RETURN 
TS[G=|O**TSIG 
TS|G-TSIG*|O0.O 
RETURN 
TSIG-O.O 
RETURN 

O 
~UBROUTINE RAUX( TeP~TRAD| 

REAL NEfNT 
D|HEN$10N ATH[(2[}eATM]O(2[JsATMLOOI2[)  ATIOOOIZZ) 
DIMENSION TR(4eZ2|ePR(6/  
CATA PR l | .O f [O .Ot lOO.Ot |OOO.  OI 
DATA IN /O/  
CATA ATM| I 

~.7310E-O~I.3073E-O3,.|OIbE-O2~.281T~-OZl,6778E-O2e 
*.145TE-Ol,.Z842E-Olt.5092E-Ol,.SA;3E-Olt.1301E ODe 
~.1870E 00, .2498E OOt.3126E 00, .3678E 00, ,4112E ODe 
~.4620E O0~.4626E OOe. AT58E OOe*484|E OOe.6BqAE ODe 
~.4928E OO / 

DATA A TMlO I 
.2368E-O4t.98OqE-O4t.3256E-O3~°9074E-O3w 

÷°219EE-OZe.AT62E-O2toq41(ff.-O2..ZTZqE-Olto2943E-Olt 
t .AT51E-O !e .72 |3E -O l , . lO~AE 00, .1442E 00. .1893E DOt 
~.Z3B2E OO,o2BT|E 0 0 t o 3 3 2 ~  OOl°372bE OOT°~O49E OOt 
~o4~01E OOt.44qOE OO / 

DATA ATMIOO / 
.755bE-OSw.3|66E-OAt. lO6SE-03~ 

÷.2q42E-O3,.718?E-O3,.IST2E-O2w.3120E-O2~.SeOAE-O2t 
**]O01E-Ole.le41E-OI.2S61E-Ol,.3827E-Ol,.SSlqE-01, 
÷ .TbCTE-O l l . lO |TE  OOe°|3|TE O0,.1652E OOp.ZOlAE 00, 
~.2386E OOv.2755E 00,o3[08E OO I 

DATA ATIOOO / 
~ .2429E-OSg. lO|bE-OAt  
+.3~l~E-OA.o9581E-OAe.Z360E-O3,.5252E-O3p.lOSqE-O2w 
**|q65E-OZ,.3~51E-O2p°5138E-OZ~.qlOIE-O2,.1383E-Olt 
* . 2029E-O l ,  o288OE-Ol,°3965E-Olp°5302E-O|t.b915E-01, 
~.86D~E-Ol~°l lOOE OO~.|33AE 00~.15~2E O0 i 

IF I IN .NE.O)  GO TO 130 
DO |00 N= I tZ I  
TR I |~N ] -AT~ I IN |  
TRIZ~lmATM[O(N|  
TR(3,~|mATMiOOIN) 

100 TR|4~N)~AT|OOOIN) 
DO 120 KmIe~ 
CC~ t |O  L ' l e I 5  
M- 2-L 

[10  TP~K~M*| )~TRIK ~MI 
DO IZO L - I ~ 7  
TR|RtLI -ALDG|O(TR|K~L))  

|20  CUN T[NUE 
INto 

130 CUN)INUE 
I¢ |T ,LT~|OOO0°)  GO TU 160 
I ~ ( P . G T . P E ( ~ | |  I =3 

Sm4~, 
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AE DC-TR-76-25 

CARD NO 

666 
665 
666 
667 
668 
669 
6"t0 
671 
672 
673 
6T6 
675 
b76 
677 
6TB 
679 
680 
681 
682 
683 
684 
685 
b86 
687 
688 
689 
690 
69/. 
692 
b93 
b94 
695 
696 
697 
698 
699 
700 
701 
702 
703 
704 
705 
706 
707 
708 
709 
710 
7/.1 
712 
7/.3 
T I 4  
715 
716 
717 
7 8 

72O 
721  
722  
723  
T2~ 
7:~5 
726  
727  
7:~8 
729  
730  

732  
733  

735  
7 3 6  
737  

"1'39 
T~O 

T~2 

T~6 

TABLE A-7 (CONCLUDED) 

# ~  CCNTENTS 

I F ( P . L E . P R  ( 3 )  1"2 
IF IP .LEoPP ( 2 )  1 I " l  
JSHIFT=9 
I F (  T.GEo lbOOOo I JSHIFT=8 
J -A INT ( T / ! O 0 0 .  I - J S H  I FT 
D T - T - I  J ÷ J S H I F T ) e I O O O .  
~T=DT/ [DO0.  

l~O PP "ALOG 1 O( P/P R I I ) ) 
TRI=TR I i , J ) ÷ (  TR ( | mJ~'l I - T R I  I t J) ) ~DT 
TR2"TR | I + I ~ J H ' I T R  [ 1 ÷1 ,  J'~ I ) - T R  | T * I  ~ J |  ) ~OT 
XE =TR 1 . (  TR2-TI~ lJ ~PP 
[ F ( T . G E o I 6 0 0 D ° )  GO TO 150 
XE ' iO~ tXE  

150 N T ' ( P t I . D 1 3 2 E  5 / ( I . 3 8 E - Z 3 = T ) | ~ I o E - 6  
NE=XE~NT 
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Figure A-1 H E A R C  f l o w  chart  (Concluded) 
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AE DC-TR-76-25 

A 

C 

D 
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G 
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h 

h 

I 

L 

N 

Ne 

Nu 

P 

P 

Pr 

R 

Re 

Q 

q 

T 

U 

V 

V 

w 

X 

Y 

Z 

Y 

I 

Cross sectional area 

Radiation constant, mass flow constant 

Diameter 

Gravity constant 

Electrical voltage gradient 

Enthalpy (computer codes) 

Turbulent heat transfer coefficient 

Enthalpy 

Arc current 

Arc length 

Mass flow rate 

Arc heater scale 

Electron density in arc column 

Nusselt number 

Pressure 

Power 

Prandtl number 

Gas constant 

Reynolds number 

Heat loss 

Heat flux 

Temperature 

Arc column volumetric radiation 

Arc voltage 

Gas velocity in constrictor 

Water flow rate 

Input power parameter 

Radiation parameter 

Convection paramzter 

Ratio of specific heats 

Thermal conductivity 
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A E DC-TR-76-25 

N~XfENCLATURE 

Efficiency 

Viscosity 

Density 

Electrical conductivity 

Differential 

Sub scrip ts 

a 

a 

A 

b 

c 

C 

F 

g 

H 

He 

i 

N 

N-250 

o 

r 

R 

sf 

w 

x 

Arc column 

Air (mass flow rate) 

Anode 

Bulk gas at nozzle 

Constrictor or convection 

Cathode 

F r o n t  e l e c t r o d e  

Bulk gas  around a rc  column 

Hydrogen 

Helium 

I n p u t  i n j e c t o r  or  v a l u e  

Nozzle 

N-250 arc heater 

Stagnation condition 

Radiation 

Rear electrode 

Sonic flow value 

Wall value 

Weighted conductivity - temperature 

S u p e r s c r i p t  

Nozzle throat value 
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